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Abstract
In this study, the impact of thermal hydrolysis pretreatment (THP) on the mono- and codigestion of thickened waste activated sludge (TWAS) and food waste (FW) was carried
out at temperatures of 150, 170, 190, and 210 ˚C for a contact time of 30 min and mixing
ratios of 90:10, 70:30, and 50:50 on a volumetric basis in batch anaerobic tests. Thermal
hydrolysis influenced the solubilization of the particulate organic constituents of TWAS,
reduction in volatile suspended solids (VSS) and particle size with the increase in
temperature to 210 ˚C, achieving a reduction in VSS up to 62% and a reduction in the mean
particle size up to 75% relative to the raw TWAS. Thermally pretreated TWAS showed an
18% improvement in methane yields and biodegradability, and a 39% increase in the
methane production rate relative to the raw TWAS at 170 ˚C. Increasing the THP
temperature beyond 170 ˚C detrimentally impacted digestion and was associated with the
formation of refractory compounds. Thermal hydrolysis showed no significant influence
on the solubilization of FW, VSS and particle size reduction with the increase in
temperature, achieving solubilization of only 7% of the particulate material and an increase
in the mean particle size up to 62% relative to the raw FW. Thermally pretreated FW
showed a 3% increase in methane yields and biodegradability, and a 10% increase in the
methane production rate relative to raw FW at 150 ˚C. The increase in the THP temperature
beyond 150 ˚C was associated with the formation of refractory compounds which
consequently decreased methane yields, biodegradability, and kinetics relative to raw FW.
Co-digestion improved methane yields, biodegradability, and kinetics as the volumetric
contribution of FW increased, with the detrimental effects of THP on the individual
feedstocks being reflected in their co-digestion. Co-digestion of thermally pretreated
TWAS with FW showed the largest improvements of 27% in methane yields and
biodegradability, and a 29% improvement in methane production rates relative to the raw
90:10 mixture at 170 ˚C, with no synergetic effects observed. Co-digestion of thermally
pretreated FW with TWAS showed a 14% improvement in methane yields and
biodegradability, and a 25% increase in methane production rates at 150 ˚C, with
improvements up to 21% in experimental yields relative to theoretical yields due to
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synergism. Thermal hydrolysis of the TWAS and FW mixtures showed a 52% increase in
the methane yield and biodegradability of the 90:10 at 150 ˚C, and a 92% increase in the
methane production rate at 170 ˚C, with improvements becoming less pronounced with the
increase in the volume of FW and temperature.
The efficacy of thermal hydrolysis at the full-scale is a function of the aerobic solids
retention time (SRT) of the activated sludge (AS) system. The increase in the aerobic SRT
is associated with an increase in the inactive fraction of the biological sludge, including
endogenous decay products which are hardly biodegradable. A fraction of the endogenous
products is converted with THP to particulate materials more favourable for microbial
consumption. The solubilization of a mixture of primary sludge (PS) and TWAS is lower
relative to TWAS only, since two of the main components of PS (i.e. starch and cellulose)
do not degrade at common THP temperatures of 160–180 ˚C. Improvements in anaerobic
biodegradability with THP stem from improvements associated with the TWAS not PS;
primarily, it is the conversion of endogenous products which unlocks methane potential,
while the improved kinetics allow for improved degradation at shorter anaerobic SRTs.

Keywords
Anaerobic co-digestion, thermal hydrolysis pretreatment, kinetics, synergy, Gompertz,
modelling
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Summary for Lay Audience
Industrialization, urbanization, and the continuous growth of the world’s population has
transformed the food system in many areas resulting in changes in diets and increased
demand for food supplies, and consequently food waste. Despite the increasing interest in
food preservation, almost one third of edible food is wasted, mostly ending up in landfills.
The continuous disposal of municipal solids wastes is causing the prompt exhaustion of
landfills, with municipal solid wastes ending up producing landfill leachate and green
house gases. In addition to the increased food demand and waste, industrialization is also
linked to increased water consumption, consequently increasing wastewater production.
Biological wastewater treatment is one the most economical approaches for the removal of
the contaminants in the wastewater, however, during the treatment process semi-solid
slurries termed sludges are produced depending on the treatment process, while the
treatment of these sludges makes up more than 50% of the operational cost of treatment
plant. Anaerobic digestion is among the oldest and most attractive methods for the
treatment of organic wastes such as sludges and food waste for its lower energy
requirements and the production of methane gas, a potential energy source. Even so, the
application of anaerobic digestion, especially to biological sludges which are
predominantly microorganisms, is often limited because of the longer retention times
required for the reduction of these wastes to be rendered environmentally safe.
Various pretreatment methods such as thermal hydrolysis pretreatment have been
developed to overcome the longer retention times of anaerobic digestion. Additionally,
anaerobic co-digestion, which is the simultaneous digestion of two or more organic wastes
in a homogenous mixture, represents a viable option to not only the diversion of food waste
from landfills, but also improving the stability of the anaerobic digestion process and
methane production.
This study investigates the impact of both thermal hydrolysis pretreatment and co-digestion
of biological sludges and food waste at different mixing ratios and temperatures on
methane production and production rates. Modelling was also used to evaluate the impact
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of thermal hydrolysis on the different components of biological sludges and its implications
at full-scale plants.
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Chapter 1
1

Introduction

1.1

Rationale

The continuous growth of the global world, industrialization, and urbanization is
transforming food systems in many areas including production, processing, distribution,
and consumption, which in return is linked to changes in diets, increase in the demand for
land, resources and greenhouse intensive foods like meat and dairy (Seto & Ramankutty,
2016; Thyberg & Tonjes, 2016). It has been estimated that almost one third of edible food
is wasted yearly (Secondi et al., 2015), and despite the increasing interest in food waste
prevention and recovery, very little food waste is recovered, with food mostly ending up
in landfills (Thyberg & Tonjes, 2016). Landfills around the world are being rapidly
exhausted (Curry & Pillay, 2012). Furthermore, municipal solid waste (MSW) disposed to
landfills eventually produces landfill leachate and gases, primarily carbon dioxide and
methane, which has 21 times the global warming potential of carbon dioxide (Iacovidou et
al., 2012). Food waste (FW) is the third largest contributor to municipal solid waste in the
United States (Elbeshbishy & Nakhla, 2011). Almost 1.3 billion tonnes of FW are disposed
of into landfills contributing to 3.3 billion tonnes of carbon dioxide equivalents per year
(Karthikeyan et al., 2018). Food waste is highly biodegradable due to its composition of
easily biodegradable carbohydrates and oils (Liu et al., 2020), and thus it is the highest
contributor to landfill biogas (Nghiem et al., 2017). Dedicated plants for the digestion of
municipal solid wastes and source separated organics are only a few in North America, let
alone in Canada, in plants such as StormFisher Environmental, Dufferin and Disco Road
Organics Processing Facilities, and Durham Miller Wastes. The anaerobic digestion of
food waste has become one of the most attractive waste management methods, considering
the paradigm shift towards resource recovery, the increasing need for renewable energy,
and diversion of organic wastes from landfills to reduce greenhouse gas emissions (Chen
et al., 2010).
The increased industrialization and socioeconomic status of the modern world is not only
associated with an increase in food demand and waste, but also water consumption, hence
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increased wastewater production (Augustos de Lemos Chernicharo & Von Sperling, 2005).
The contaminants removed or produced from wastewater treatment facilities include
screenings, grit, scum, sludge, and biosolids (i.e. stabilized sludges). The produced primary
(PS) and waste activated sludge (WAS) are usually in the form of a liquid or semi-liquid
slurry of about 0.25–12% solids by weight depending on the plant operation and processes
adopted. Currently, the treatment of excess sludge produced from activated sludge
treatment plants may account for more than 50% of the total operational cost of treatment
plants (Boguniewicz-Zablocka et al., 2021). Anaerobic digestion of wastewater sludges
results in reduction of sludge volumes, destruction of pathogenic organisms, stabilization
of sludges, and production of valuable biogas. However, the application of anaerobic
digestion to biological solids is often limited by very long detention times and a low
reduction in volatile solids. Those limiting factors are generally associated with the
hydrolysis stage (Tiehm et al., 2001). During hydrolysis, cell walls are ruptured, and
extracellular polymeric substances (EPS) are degraded resulting in the release of readily
biodegradable organics for acidogenic microorganisms. This mechanism is particularly
important in the digestion of biological sludge, being primarily composed of
microorganisms (Weemaes & Verstraete, 1998). Various sludge disintegration techniques
have been studied, with the main goal of disrupting the cell walls which results in cell lysis,
and the conversion of slowly biodegradable, particulate organics into low molecular
weight, readily biodegradable compounds (Appels et al., 2008).
Nevertheless, sewage sludge anaerobic digesters operate at low organic loading rates
ranging from 1.6 to 4.8 kg m-3 d-1 (Metcalf & Eddy, 2014), with an unused capacity of
almost 30%, creating a driving force towards co-digestion (Mata-Álvarez et al., 2014). Codigestion promises a myriad of benefits such as process stability by supplemental
alkalinity, trace elements, nutrients, enzymes; balanced C/N ratios; dilution of toxic
compounds; diversion of food wastes from landfills; and the diversion of fat, oil, and grease
from the wastewater collection infrastructure (Linville et al., 2015; Nielfa et al., 2015). A
notable example of co-digestion in North America is the East Bay Municipal Utility
District (EBMUD) in California, where pulped source separated organics (SSO) are fed to
sludge digesters, producing three and a half times more methane with the addition of SSO
compared to sludges only (Metcalf & Eddy, 2014).
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Thermal hydrolysis pretreatment (THP) was firstly implemented at full-scale in 1995 in
Norway. The mostly adopted processes are Cambi which operates in a batch mode and
Exelys which operates in continuous flow manner (Abu-Orf & Goss., 2012), with Cambi
installed in more than 69 plants worldwide (Cambi). Reported advantages of THP are
improved degradation kinetics of biological sludges; increased biodegradability, volatile
solids destruction, and methane production; solubilization of the macromolecular
components of sludges (i.e. carbohydrates, proteins, and lipids); and improved
dewaterability (Barber et al., 2017; Phothilangka et al., 2008; Haug et al., 1978). On the
contrary to wastewater sludges, FW is highly biodegradable with methanogenesis being
the rate limiting step in its anaerobic degradation (Bouallagui et al., 2009), hence,
improvement in biodegradability with THP would be marginal. However, the
solubilization of the particulate components of FW including nutrients like nitrogen and
phosphorus could improve process stability. The C/N ratio indicates the nutrient
availability during in the anaerobic digester; microorganisms operate optimally at C/N
ratios of 15–30 (Sreekrishnan et al., 2004). Thermal hydrolysis of FW would not impact
the C/N ratio, however, the solubilization of organic materials and nutrients makes them
more available for microbial uptake which would be reflected on process stability.
The impact of the combination of thermal hydrolysis and co-digestion has only been
investigated by Naran et al. (2016) who applied THP to a mixture of WAS and FW
adopting a single mixing ratio of 70:30 at 120 ˚C, and Liu et al. (2015) who investigated
co-digestion of thermally pretreated FW at 150 ˚C with WAS in three mixing ratio of 90:10,
70:30, 50:50 focusing primarily on methane yields, irrespective of the changes in
characteristics of feedstocks, optimal mixing ratios, optimal pretreatment temperatures,
and the possible synergistic effects of the co-digestion of thermally pretreated feedstocks.
Although anaerobic digestion is applied to both PS and WAS, this study mainly focused
on WAS, as it is the more recalcitrant of the two and thus the subject of thermal
pretreatment.
Additionally, available modelling software such as BioWin (EnviroSim Associates Ltd,
Canada) are unable to capture macromolecular changes induced by THP since they are
modified ASM models which are COD based. Despite the macromolecular basis of the
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ADM1, a problem still resides in inability to experimentally quantify the majority of its
components which including the contribution of each of the substrate components to the
production of the different volatile fatty acids (i.e. valerate, butyrate, propionate, and
acetate) and the uptake of the different microbial groups which are assumed to be mutually
exclusive (Batstone et al., 2002) which complicates its integration with full-plant models.
Modelling thermal hydrolysis represents several difficulties with respect to the different
conversions of the COD fractions of organic wastes and the biodegradation kinetics of
these wastes after pretreatment. Thermal hydrolysis has been studied since the 1970s,
however, the focus of these studies has been limited to improvements in methane
production, biodegradability, volatile solids reduction, and dewaterability. The kinetics of
thermally pretreated sludges have been investigated widely; for example Haug et al. (1978)
showed a 60% increase in the methane production rate of thermally pretreated WAS from
397 to 640 mL d-1 relative to the control at an anaerobic SRT of 15 d. Full-scale applications
of THP suggest an increase in digester loadings by a factor of 2.3 (Barber, 2016); for
example the Chertsey Sewage Treatment Works, the first THP plant in the UK, increased
the organic loading rate safely rate from 5 to 12 kg m-3 d-1 (Pook et al., 2013). However
data on the hydrolysis rates of thermally pretreated sludges are scarce if not nonexistent.
The hydrolysis rate of thermally pretreated waste activated sludge was only investigated
by Phothilangka et al. (2008) who demonstrated an increase from 0.25 d-1 to 1.5 d-1,
however, the hydrolysis rates of raw and thermally pretreated PS and WAS mixtures have
not been investigated. Moreover, the fractionation of sludges is not common practice in the
water sector, hence, the ability to identify and quantify the different COD fractions of raw
and thermally pretreated wastes is tedious. This study provides insight regarding the
different conversions that occur with thermal hydrolysis to wastewater sludges, estimate
the hydrolysis rates of raw and thermally pretreated sludges, and investigating the efficacy
of thermal hydrolysis with respect to the aerobic SRT of the activated sludge system.

1.2

Research Objectives

The main research objective from this study can be summarized as follows:
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1. Identifying the optimal mixing ratio of food waste to thickened waste activated
sludge, with respect to anaerobic biodegradability.
2. Evaluating the impact of thermal hydrolysis pretreatment on FW and TWAS
composition.
3. Evaluating the impact of thermal hydrolysis pretreatment on the kinetics and
anaerobic biodegradability of the feedstocks.
4. Investigating the possible synergism of co-digesting raw and pretreated TWAS and
FW.
5. Using BioWin to investigate the impact of the thermal hydrolysis on the
degradation kinetics of wastewater sludges and endogenous decay products and
correlating it to the activated sludge solids retention time.

1.3

Thesis Organization

Chapter 1 provides a concise overview of the challenges associated with the anaerobic
digestion of waste activated sludges, the increasing production of food waste and the
adverse environmental impacts of its landfilling. The paradigm shift towards resource
recovery provides a driving force towards co-digestion, and thus the advantages of codigestion and the impact of thermal hydrolysis pretreatment on biological sludges are
discussed. The knowledge gaps on the combined effect of thermal hydrolysis and codigestion are identified. The limitations of available commercial models in the prediction
of macromolecular characteristic changes influenced by thermal hydrolysis are outlined.
Chapter 2 includes a comprehensive literature review on the impact of thermal hydrolysis
of waste activated sludge and food waste, the co-digestion of both feedstocks, and identifies
the main knowledge gaps tackled in this study.
Chapter 3 includes the materials and methods used throughout this study including: the
feedstocks and inocula, and their characteristics, analytical methods used, calculations, and
the experimental design and setup. The chapter also presents the modelling software
adopted, and the estimated and adopted kinetic parameters to properly achieve the
objectives of the study.
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Chapter 4 comprises the experimental results of this study, their discussion, and their
contextualization with the literature with respect to characteristic changes, methane
production, anaerobic biodegradability, kinetics, and synergy.
Chapter 5 comprises the results of the modelling of THP at full-scale plants with different
aerobic SRTs, and efficacy of THP with respect to methane production and solids
reduction.
Chapter 6 includes the summary and conclusions of this study, and recommendations for
future research.

1.4

Thesis Format

This thesis was prepared in a monograph format following the requirements given by the
School of Graduate and Postdoctoral Studies (SGPS), Western University.
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Chapter 2
2

Literature Review

2.1

Introduction

Energy is the most important element in the development of nations. World energy
consumption is expected to increase by 49% by the year 2035. The soaring increase in the
world population exerts drastic increases in the global energy demand (Dhar et al., 2012).
A major fraction of the global energy demand is satisfied through fossil fuels, accounting
for up to 81% of the worlds’ energy supply in 2007, while renewable energy sources only
contributed a mere 13% (Appels et al., 2011). Recently, governments have focussed on
increasing the use of renewable energy sources including solar, wind, tidal, hydropower
energy, and waste generated energy (Elbeshbishy, 2011). In the last three decades,
anaerobic digestion has gained significant importance since biogas, a form of renewable
energy can be produced during the treatment of various wastes (Yenigün & Demirel, 2013).
Anaerobic digestion (AD) is a biochemical process where organic materials and wastes are
degraded by the means of various biological reactions involving specialized bacteria and
archaea using several electron acceptors in the absence of molecular oxygen (Metcalf &
Eddy, 2014).

2.2

Anaerobic Digestion Process

Anaerobic digestion is a process that proceeds in four successive steps: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis as depicted in Figure 1. Hydrolysis is the
first basic step where particulate undissolved complex materials are converted to soluble
compounds that can be hydrolyzed further into simpler monomers (i.e. monosaccharides,
amino acids, and long chain fatty acids) for further breakdown by fermentative bacteria
(Metcalf & Eddy. 2014; Henze et al., 2008). Disintegration, solubilization and enzymatic
hydrolysis are common terms used in the literature to describe the hydrolysis step (Vavilin
et al., 2008). Hydrolysis is carried out by extracellular enzymes produced by a variety of
facultative and obligate anaerobes (Confer & Logan, 1998; Song et al., 2005). Lipids are
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broken down to long chain fatty acids (LCFAs) by lipases. Peptides and amino acids are
broken down by bacteria exhibiting extracellular protease activity (McInerney, 1988). The
hydrolysis of organic compounds is considered the rate limiting step in anaerobic digestion
(Feng et al., 2009). However, this is not attributed to the lack of enzyme activity, but rather
the lack of free accessible surface area and particle structure (Zeeman et al., 1996; Chandler
et al., 1980). A schematic model of the AD process is depicted in Figure 2.1.

Figure 2.1. A schematic model of the four steps of the anaerobic digestion process
(adopted from Metcalf and Eddy, 2014)
Acidogenesis is the second AD process, where the simple compounds produced during the
hydrolysis step (i.e. monosaccharides, amino acids, and LCFAs) diffuse into the bacterial
cell membranes and fermented producing more reduced compounds, such as volatile fatty
acids (VFAs), hydrogen, carbon dioxide, alcohols, ammonia, as well as new microbial cells
(Metcalf & Eddy. 2014; Henze et al., 2008). The intermediate VFAs produced in this
process are valerate, butyrate, and propionate (Rittmann & McCarty, 2001). As opposed to
the other AD steps, acidogenesis proceeds at higher rates, with acidogenic bacteria having
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a regeneration time less than 36 h (Deublein & Steinhauser, 2011). If the rate of VFAs
production exceeds the rate of uptake by methanogens, the digester is susceptible to failure
even if the pH is maintained at a neutral level (McCarty, & McKinney, 1961).
Acetogenesis is the third step of the AD process, where VFAs other than acetate formed in
the acidogenesis step are further converted to acetate and hydrogen–which are precursors
of methane formation–and carbon dioxide. The acidogenesis step is immediately followed
by the acetogenesis step, despite the lack of no clear distinction between the two (Bajpai,
2017). The most important substrates produced by acetogenesis are butyrate and
propionate, however, lactate, ethanol, methanol, hydrogen and even carbon dioxide can be
converted to acetate during stable digestion conditions (Metcalf & Eddy. 2014; Henze et
al., 2008).
The most important step of anaerobic treatment is methanogenesis, the fourth and final step
of the AD processes (Rittmann & McCarty, 2001). Methanogenesis is carried out by a
specialized group of obligate anaerobic archaea collectively termed methanogens. As a
testament to the acute sensitivity of methanogens to molecular oxygen, Kiener & Leisinger
(1983) found that 99% of Methanococcus voltae and Methanococcus vannielli cells had
been killed within ten hours upon exposure to oxygen. Methanogens are split primarily to
two groups. One group, are heterotrophic, termed acetoclastic methanogens, utilize acetate
as an electron donor and acceptor converting it to methane and carbon dioxide. The second
group, are autotrophic, termed hydrogenotrophic methanogens, utilize hydrogen as an
electron donor and carbon dioxide as an electron acceptor to produce methane. Another
group of methanogens is capable of utilizing formate and carbon dioxide to produce
methane (Metcalf & Eddy. 2014; Li and Noike, 1992).

2.2.1 Environmental Factors
The acute sensitivity of methanogens is not only towards molecular oxygen as
aforementioned. The process is also affected by various environmental factors such as
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temperature, pH, alkalinity, nutrient availability, mixing, and retention time (Mao et al.,
2015; Dhar et al., 2012).

2.2.1.1

Temperature

Anaerobic digestion operates optimally within two temperature ranges, mesophilic ranging
from 35 to 42 ˚C and thermophilic ranging from 45 to 60 ˚C or 55 to 70 ˚C. In the
thermophilic range higher reaction rates are observed. However, digesters are susceptible
to increased acidification causing digester failure (Mao et al., 2015; Weiland, 2010).
Additionally, microbial diversity in thermophilic digesters is lower compared to
mesophilic digesters (Karakashev et al., 2005). Although mesophilic methanogens can
tolerate temperature fluctuations of ± 3 ˚C without significant impact on methane
production (Weiland, 2010), fluctuations of ± 0.5 ˚C are recommended for optimal
operation (Metcalf & Eddy, 2014).

2.2.1.2

pH and Alkalinity

Methanogenesis operate at a rather tight pH range from 6.5 to 7.2 (Ward et al., 2008), and
as the pH decreases below this optimal range, the uptake kinetics of VFAs decrease as well
as the growth kinetics of the methanogens. The growth rate of methanogens is greatly
reduced at pH levels lower than 6.6, whereas alkaline pH levels can destroy the microbial
flocs (Weiland, 2010; Ward et al., 2008). Accumulation of VFAs might not cause a
decrease in the pH if there is enough buffer capacity, however, methanogenic inhibition
has been reported with acetate concentrations exceeding 3,000 mg L-1 (Stallman et al.,
2012). Anaerobic digestion produces alkalinity in the form of ammonium bicarbonate from
the degradation of protein containing wastes, with a recommended optimum alkalinity
range of around 2,000–5,000 mg L-1 as CaCO3 (Metcalf & Eddy, 2014). Additionally, the
VFA/alkalinity ratio is a key parameter used as a control index in operational stability of
digesters; optimal ranges are between 0.1 and 0.3, values between 0.3 and 0.4 indicate
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digester upset and the need for corrective action (Schnaars, 2012; “Anaerobic Sludge
Digestion: MOP 16”).

2.2.1.3

Carbon to Nitrogen Ratio

The Carbon to nitrogen (C/N) ratio reflects the nutrient content available for
microorganisms. During anaerobic digestion microorganisms consume carbon 25–30 times
more than nitrogen (Khalil et al., 2008). At high C/N ratio, the rapid consumption of
nitrogen by microorganisms results in nutrient deficiency, which consequently lowers
biogas production, whereas at lower C/N ratios, toxic conditions of ammonia accumulation
and increase in pH levels (≥ 8.5) arise for methanogenic bacteria (Balat & Balat, 2009) The
optimum C/N ratio for biogas production is from 20–30 with the larger fraction of the
carbon being readily biodegradable (Sreekrishnan et al., 2004). However, Kim et al. (2017)
demonstrated that the performance of the anaerobic digestion process cannot be assessed
based on the C/N ratio solely.

2.3

Pretreatment Technologies

The main purpose of applying pretreatments is the alteration of the physical and chemical
properties of the organic wastes to enhance biodegradability; improve digester
performance with respect to biogas production; intensify process kinetics (Carrere et al.,
2010).

2.3.1 Biological Pretreatment
Biological pretreatment, the aim of which is the intensification of the process by enhancing
the hydrolysis step in an additional stage prior to the main digestion process (Carrere et al.,
2010), is practised under both aerobic and anaerobic conditions. Temperature phased
anaerobic digestion (TPAD) of primary sludge was shown to enhance the VS destruction
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at a 2-day SRT at temperatures of 70 ˚C, and 55 ˚C by 55%, and 43%, respectively (Skiadas
et al., 2005). Aerobic treatment also was investigated in some studies as a pretreatment
technique to degrade recalcitrant materials as well as materials that cannot be degraded
anaerobically. For instance, an increase of 50% in biogas production was observed using a
hyper-thermophilic aerobic reactor as the first stage of a combined aerobic anaerobic
digestion system (Hasegawa et al., 2000). Lignocellulosic biomass are the most abundant
organic sources with significant potential for renewable resource recovery (Zheng et al.,
2014). Using oxidative and hydrolytic enzymes produced by bacteria and fungi as a
pretreatment method to improve biogas yields is gaining more interest (Mtui, 2009). The
enzymatic hydrolysis of cellulose carried out by cellulase enzymes which include several
enzymes capable of degrading cellulose, takies place in three stages: adsorption of the
cellulase enzyme complex onto the surface of cellulose structure; degradation of cellulose
into simpler sugars; and the cellulase desorption (Champagne & Li, 2009).

2.3.2 Chemical Pretreatment
Chemical pretreatment methods rely on both strong and mild chemical solvents to modify
physio-chemical and biological properties of the materials and degrade crystalline
structures (Champagne & Li, 2009). Acid pretreatment is known to be effective in
solubilizing carbohydrates, while alkaline pretreatment is better at solubilizing proteins and
lignin as well as lipid saponification (Karthikeyan et al., 2018). Acids, on the other hand
act primarily as a hydrolysis catalyst rather than a pretreatment reagent accelerating the
rate of solubilization relative to structural degradation, resulting in higher conversion yields
(Lloyd & Wyman, 2005; Prasad et al., 2007). Acids such as H2SO4, HCl, H3PO4, and HNO3
are used, while in alkaline pretreatment, chemicals such as KOH, NaOH, CaO, Mg(OH)2,
ammonia, and Ca(OH)2, are commonly used with effectiveness varying depending on the
organic components (Zhen et al., 2017). Alkaline pretreatments were performed at a pH of
12 with NaOH, KOH, Mg(OH)2, Ca(OH)2.by adding the chemicals at concentrations
ranging from 0 to 21 mg L-1 to 300 mL of WAS At ambient temperature, the COD
solubilization efficiencies were 39.8%, 36.6%,10.8% and 15.3%, respectively. The same
experiment was carried out at 121 ˚C for 30 min and the solubilization efficiencies were
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51.8%, 47.8%, 18.3%, and 17.1% respectively (Kim et al., 2003). In addition to the
biosolids disintegration, alkaline methods enhance downstream digestion by providing
additional alkalinity as buffer capacity and stability for the digestion process.

2.3.3 Mechanical Pretreatment
Rupture of cellular material is also achievable by mechanical means as milling. The two
predominant techniques are the Kady mill, which uses two counterrotating plates to
produce sheer, and wet milling which is more of a grinding technique (Elliot & Talat,
2007). The Kady mill was used to process WAS before it was introduced to activated
sludge systems. The technique was also used to disintegrate WAS before anaerobic
digestion as a 25% increase in soluble COD was observed (Baier & Schmidheiny, 1997).
Wet milling uses small beads for cell rupturing, where the size of the beads plays a vital
role in the outcome of the process. The best performance reported was by the ball mill that
uses beads of 0.2–0.25 mm. The soluble fraction of COD in municipal sludges (PS and
WAS) increased from 1%–5% to 47%. Moreover, COD degradation and gas production
during mesophilic anaerobic digestion were enhanced by a factor 1.2-1.5 (Elliot et al.,
2007). The principle of high-pressure homogenization involves increasing the pressure
abruptly (up to 900 bars) and subjecting the sludge to high turbulence and cavitation
(Carrere et al., 2010). A low pressure homogenizer at 150 bar with a flowrate of 2.7 m 3/h
was tested as a pretreatment for thickened waste activated sludge at 4% solids and the
results indicated a 30% increase in biogas production and 27% reduction in volume, hence,
decreasing disposal costs greatly. Ultrasonication is associated with two fundamental
mechanisms. Cavitation which occurs when the local pressure in the aqueous solution is
decreased below the vapor pressure causing the formation of gas bubbles. The gas bubbles
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collapse within microseconds leading to extreme conditions (a local temperature of almost
5000 K and a pressure above 500 bars) (Zhen et al., 2017; Elliot et al., 2007). The second
method is the production of highly reactive radicals (H∙ and ∙OH). The combined effect of
powerful shear forces produced from the collapse of the gas bubbles and the oxidizing
effect of the free radicals lead to cell rupture and the release of intracellular materials (Zhen
et al., 2017). Frequencies ranging from 20–3217 kHz have been examined and it was found
that the effect of ultrasonication was best at low frequencies (less than 100 kHz) as they
produce large cavitation bubbles which upon collapse produce powerful jet streams
creating shear forces. Tiehm et al. (2001) reported an increase in VS reduction of WAS by
36% by ultrasonication at 41 kHz for 150 min. However, ultrasonication is limited to TS
concentrations of 2.3%-3.2% as higher TS concentrations increase viscosity, which hinders
cavitation bubbles formation (Carrere et al., 2010).

2.4

Thermal Hydrolysis Pretreatment

Thermal hydrolysis pretreatment (THP) was originally applied as a conditioning process
to raw and digested sludges. Temperature ranges from 150–200 ˚C ensured adequate
sterilization of the final cake (Haug et al, 1978). Various parameters of interest have been
investigated to ensure the efficacy of the pretreatment process: temperature, pressure,
contact time, and the initial biodegradability of the substrate.

2.4.1 Temperature
A wide range of temperatures ranging from 60–270 ˚C were studied. Temperature ranges
below 100 ˚C are normally referred to as low-temperature thermal pretreatments (Pilli et
al., 2015; Carrere et al., 2010). The major implementation of high-temperature thermal
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hydrolysis was in the sixties, when the Porteus and Zimpro processes were first introduced.
Both processes operated at temperatures around 200–250 ˚C (Camacho et al., 2008).
However, many of the projects that adopted these processes were shut down in the late
sixties because of odours, high strength liquors, and corrosion. In the late seventies, an
interest in THP renewed but at lower temperatures (150–200 ˚C), and eventually it was
concluded that optimum results of digestibility and dewaterability were achieved at
temperatures in the range of 160–180 ˚C (Camacho et al., 2008; Carrere et al., 2008).

2.4.2 Pressure
The pressures associated with thermal hydrolysis (TH) processes normally correspond to
the temperatures applied ranging from 600 to 2500 kPa (Weemaes & Verstraete, 1998),
based on thermodynamics. Wilson & Novak (2009) measured pressures of 140, 280, 510,
890, and 1460 kPa corresponding to temperatures of 110, 130, 150, 170, 190, and 220 ˚C
respectively for primary (PS) and waste activated sludges (WAS). Schieder et al. (2000)
applied pressure up to 40 bar to canteen food waste corresponding to temperatures ranging
from 160–200 ˚C, increasing the methane yield by 9%. Polanco et al. (2008) investigated
the potential of flash explosions by releasing the WAS from the TH reactor to a flash tank
by the pressure difference in pilot scale plant and observed a 55% increase in methane
production. However, no direct correlation between increasing the process pressure and
improved efficiency has been explicitly reported or investigated in the literature.

2.4.3 Contact Time
In the case of high-temperature TH, contact times are normally between 30–60 mins
(Carrere et al., 2010). On the other hand, low-temperature TH requires longer contact times
ranging from hours to several days (Pilli et al., 2015). Ferrer et al. (2006) thermally
pretreated a mixture of thickened primary and secondary sludge at 70 ˚C for 9, 24, 48, and
72 h; samples pretreated for 9 h showed a 50% increase in cumulative gas production by
the end of the test. Additionally, Climent et al. (2007) thermally pretreated secondary
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sludge at the same temperature and contact times as the aforementioned study and
demonstrated that only the 9 h pretreatment increased biogas production by 57%. Nges &
Liu (2009) thermally pretreated thickened primary, secondary, and tertiary sludges for 48
h at temperatures of 25, 50, and 70 ˚C; however, pretreatment only increased the methane
yield by 6%. The optimal contact time in most studies was 30 min at temperatures < 190
˚C (Burger et al., 2013; Carrere et al., 2008; Bougrier et al., 2006), at higher temperatures
refractory compounds begin to form unless the contact time is reduced as demonstrated by
Kakar et al. (2019) who observed a 100% increase in the VFAs yield in a batch
fermentation test of pretreated SSO at 210 ˚C for 10 min, however, at higher contact times
a sharp decline in the VFAs concentration was observed. The same results were obtained
by Razavi et al. (2021) after applying THP to WAS at temperatures above 190 ˚C (i.e. 220,
220, and 240 ˚C) for more than 10 mins, the methane yields produced were lower than that
of the raw WAS.

2.4.4 Biodegradability
Methanogenesis, rather than hydrolysis, is the limiting step in the digestion of noncellulosic feedstocks such as food wastes (FW). The high moisture content and the
availability of easily biodegradable macromolecules causes the rapid acidification of these
wastes, eventually decreasing the pH of the digester, and inhibiting methanogenic activity
(Bouallagui et al., 2009). Several studies on the anaerobic digestion of highly
biodegradable organic wastes (i.e. food waste, kitchen waste, and fruit and vegetable
waste) concluded that TH had an adverse effect on biogas production and methane yields.
Liu et al. (2020) observed a 10% decrease in the methane yield of pretreated food waste
compared to the control. An 11% decrease in the methane yield was also observed by
Tampio et al. (2014) when operating a semi-continuous system fed autoclaved food waste.
It must be asserted that as elaborated below, the observed reduction in methane yields of
pretreated food wastes in the two aforementioned studies is associated with the production
of refractory compounds during TH.
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Data in the literature on the THP of primary sludge (PS) is scarce. Haug et al. (1978)
demonstrated that THP of PS (175 ˚C) did not improve degradability during digestion. On
the other hand, during the biological treatment of wastewater, microbial activity results in
a floc structure comprising microorganisms (mainly bacteria), inorganic particles, and
exocellular polymers (ECP) generated from cellular metabolism and endogenous
respiration or from the wastewater itself (Urbain et al., 1992). These polymeric substances
are only 30%–50% biodegradable under both aerobic and anaerobic conditions (Carrere et
al., 2010). In a study by Carrere et al. (2008) on six WAS samples originating from high
loaded, medium loaded, and extended aeration plants treating different wastewaters (i.e.
municipal and industrial, municipal, and slaughterhouse), a direct correlation between
biodegradability enhancement and solubilization efficiency by THP was observed
Additionally, biodegradability enhancements were negatively correlated to the initial
biodegradability of the sludge sample mesophilic BMPs tests, concluding that
improvements in biodegradability become lower for sludges with higher initial
biodegradability. One sample with low initial biodegradability showed a 78% increase in
methane production, contrary to another sample with higher initial biodegradability;
methane production only increased by 23%.

2.4.5 Processes
Essentially, THP is carried out in batches (Cambi™ or BioThelys™), where pre-dewatered
or concentrated sludges of total solids (TS) concentrations of 12%–18% are fed to a series
of reactors that serve the same function of hydrolyzing feed sludges at elevated
temperatures ranging from 140–165 ˚C and pressures ranging from 6–11 bars (Chauzy et
al., 2005, 2008; Kepp et al., 2000). Later, a continuous process Exelys™ was developed
by Veolia Water Solutions and Technologies – Krüger A/S as an upgrade for their batch
process BioThelys™ to facilitate THP incorporation for smaller plants (Gurieff et al.,
2011).

22

2.4.5.1

Cambi

The Cambi TH process is a widely used, well-established pretreatment technology mostly
in European countries. The process was firstly implemented in 1995 in Hamar, Norway
(Kepp et al., 2000). Today, there are 69 Cambi THP plants worldwide in 22 different
countries. The Cambi process as depicted in Figure 2.2 comprises three essential units: a
pulper, several reactors, and a flash tank. Dewatered raw sludges of 16%–18% dry solids
are fed to the pulper. The purpose of the pulper is to homogenize and preheat the sludges
to temperatures close the THP temperature at ambient pressure. Preheated sludge from the
pulper is fed continuously to several reactors in a sequential manner.

Figure 2.2. Cambi THP configuration (adapted from Cambi)
The number of reactors ranges from 2–5 depending on the configuration, sludge volume
and retention time. Once a reactor is filled, the other is then fed and steam from the steam
boiler is pumped to increase the temperature to 140–180 ˚C at a pressure of about 6–9 bars.
Retention times in the reactor typically range from 20–30 min. The pressure in the reactor
is dropped to 2 bars before the sterilized and hydrolyzed sludges are pumped to the flash
tank which operates at ambient pressure. The sudden drop in pressure is responsible to
substantial cell destruction and solubilization. The steam generated in the flash tank is
directed to the pulper to preheat incoming sludges. Hydrolyzed biosolids leaving the flash
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tank are of almost 14% dry solids (Cambi). The temperature of the residuals is too high
(i.e. 100 ˚C) to be fed to an anaerobic digester. The residual’s temperature is reduced by
dilution and heat exchangers. Dilution also takes place in order to control ammonia
concentration in the digester. The diluted solids being fed to the digestor are of 8%–12%
dry solids. Cambi reactors come in standard size of 12 m3 and each one receives 7.6 m3 of
sewage sludge in each cycle. The pulper and the flash tank are almost twice the size of the
reactor. The THP cycle normally takes 90 min, and the steps are explained in Table 2.1
(Abu-Orf & Goss, 2012).

Table 2.1. Steps of a 90 min Cambi cycle (adapted from Abu-Orf & Goss, 2012)
Step
1
2
3
4
5

Process
Filling
Steam injection
Thermal hydrolysis
Steam pumping
Emptying

Time (min)
15
15
30
15
15

Description
Reactors are filled with 7.6 m3 of sludge
Steam is injected in the reactor
Sludge is held for 30 min at 165 ˚C and 6 bars
Steam is released to the pulper
Sludge is pumped to the flash tank by pressure
release

Cambi TH can be implemented: before anaerobic digestion (AD), after anaerobic
digestions, and even between two digesters. The Cambi system is a gas tight system and
none of the gases produced throughout the cycle escape to the atmosphere. Gases in the
heat space of the pulper are pumped to the anaerobic digester to maintain its temperature
(Cambi).

2.4.5.2

BioThelys

BioThelys is a result of a decade’s work on anaerobic digestion pretreatments by Veolia
Water Solutions & Technologies. The name Thelys represents the hydrolysis of wastewater
treatment sludges while the name Bio refers to the biological treatment that succeeds
hydrolysis. Sludges are concentrated by belt filers, centrifuges, or any type of dewatering
equipment capable of producing 12%–16% dry solids. The main purpose of dewatering is
decreasing heat energy requirements before hydrolysis (Chauzy et al., 2008). The
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BioThelys system typically operates at a solids concentration of about 15% (Phili et al.,
2015). A complete BioTheyls cycle is depicted in Figure 4. TH takes place in batches in
lines that comprise 2 to 3 reactors operating in parallel. A typical cycle time ranges from
120–165 min depending on the configuration. The cycle is divided into three steps: firstly,
pumping raw sludge from the hopper to the reactors; secondly, preheating sludges by steam
produced from other reactors in the line; thirdly, raising the temperature to the THP
temperature (i.e. 160 ˚C) and applying pressure up to 10 bars. After the TH period the
pressure inside the reactors is released, directed to another reactor to preheat the sludge
while also allowing the temperature inside the reactor to drop. Hydrolyzed sludges are then
pumped to a buffer tank where it is cooled, then the temperature is lowered further to 40–
45 ˚C in an outlet heat exchanger to be suitable for mesophilic anaerobic digestion (Chauzy
et al., 2008). Figure 2.3 depicts the BioThelys process configuration.

Figure 2.3. Typical process configuration of a BioThelys system
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2.4.5.3

Exelys

The Exelys process is a THP technology developed by Veolia Water Solutions and
Technologies in France and Krüger A/S in Denmark where wastewater treatment sludges
are treated in plug- flow continuous reactor unlike BioThelys and Cambi which operate in
batch mode.
The Exelys system, depicted in Figure 5, operates at temperatures ranging from 140–165
˚C and pressures ranging from 9-11 bars. The system operates at higher solids
concentrations compared to batch systems, where sludges of > 20% solids are fed to a
steam mixer and condenser as depicted in Figure 2.4, while steam is continuously fed
through injection nozzle. As the steam is injected and condensed the temperature of the
sludge is raised to the THP temperature required. Before the sludge is pumped to the reactor
it passes through a static mixer which ensures homogeneity and proper heat distribution.
Sludge is then pumped to the reactor at very slow velocities ensuring plug-flow conditions
are met.

Figure 2.4. The Exelys continuous thermal hydrolysis system configuration
After the sludge spends the required retention time in the reactor, it passes through a system
of heat exchangers to cool it down and to recover energy (Gurieff et al., 2011). Solids from
the reactor are then diluted to the required temperature and solids concentration before
being fed to an anaerobic digester (Abu-Orf & Goss, 2012).

26

Typically, the Exelys system is implemented before a digester in what is called a lysisdigestion (LD) configuration as in Figure 2.5, to increase the capacity of digesters.
However, Exelys TH can be implemented between two digesters as depicted in Figure 2.5,
if capacity is not an issue in a digestion-lysis-digestion configuration (DLD) (Gurieff et al.,
2011).

Figure 2.5. Process flow diagram of the digestion-lysis-digestion (DLD) process
In this configuration, readily biodegradable organics are utilized in the first digester while
organics that are resistant to anaerobic digestion are solubilized in the THP unit and fed to
the second digester increasing the potential of biogas production (Abu-Orf & Goss, 2012).

2.4.6 Impacts of Thermal Hydrolysis Pretreatment
2.4.6.1

Impacts on Waste Activated Sludge

WAS, being predominantly microbial cells is relatively less anaerobically biodegradable
than primary sludge (Weemaes & Verstraete, 1998). The main goal of all sludge
disintegration techniques is the disruption of cell walls releasing intracellular compounds
and making organics more readily available during anaerobic digestion processes
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(Phothilangka et al., 2008). THP has been adopted at full-scale installations and has been
investigated by several scholars. Results of findings in the literature on the impact of TH
of WAS at full-scale installations are summarized in Table 2.2.
Table 2.2. Impact of thermal hydrolysis pretreatment on sludges at full-scale
installations
Feedstock
Activated sludge

Sewage sludge

Pretreatment
technology
Cambi

Cambi
SolidStream

Sewage sludge

Cambi

Sewage sludge

Cambi

Digestion conditions

Results

HRT: 22 d, mesophilic

Increase in biogas yield from Barber et al., 2017
0.47 to 0.51 m3 kg-1 DS fed
(+25%)

Increase in volatile solids
reduction from 51 to 65%
HRT: 22 d, mesophilic Increase in biogas yield from Barber et al., 2017
anaerobic digestion
0.47 to 0.59 m3 kg-1 DS fed
(+25%)
Increase in volatile solids
reduction from 51 to 75%
HRT: 17 d
Increase in the degree of COD Kepp et. al., 2000
stabilization from 40 to 59%
CSTR, HRT: 1, 2, 4, and Increase in effluent VFAs Morgan-Sagastume
6 d, 42 and 55 ˚C
concentration from 4.9 ± 1.0 to et al., 2011
21.6 ± 2.8 g COD L-1
Increase in VFA yield from
0.15 ± 0.03 to 0.46 g VFACOD g
VS-1 (+200%)

Activated sludge

Cambi

CSTR, HRT: 1–4 d, 37 Increase in effluent VFAs
˚C
concentration from 4.9 ± 1.0 to
14.2 ± 0.6 g COD L-1
Increase in VFA yield from
0.15 ± 0.03 to 0.24 g VFACOD g
VS-1 (+60%)

Activated sludge
(centrate)

Cambi

CSTR, HRT: 1–2 d, 37 Increase in effluent VFAs
˚C
concentration from 4.9 ± 1.0 to
14.8 ± 0.3 g COD L-1
Increase in VFAs yield from
0.1 ± 0.02 to 0.37 g VFACOD g
TCOD-1 (+270%)

Cambi

Reference
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Activated sludge
(centrate)

Sewage sludge

Sewage Sludge

CSTR, HRT: 1 and 2 d, Increase in effluent VFAs
42 ˚C
concentration from 4.9 ± 1.0 to
18 ± 1.5 g COD L-1

Cambi

Cambi

Increase in VFAs yield from
0.1 ± 0.02 to 0.46 ± 0.04 g
VFACOD g TCOD-1 (+360%)
HRT: 15 d, mesophilic Decrease in the digester’s Pickworth
anaerobic digestion
required volume from 30,500 2006
to 12,750 m3 (-58%)

CSTR, HRT: 4 d, 35 ˚C

et

al.,

Increase in volatile solids
reduction from 42 to 62%
Increase in effluent VFAs Zhang et al. 2019
concentration from 7.57 ± 0.13
to 9.63 ± 0.27 g COD L-1
Increase in VFA yield from 0.1
to 0.14 ± 0.01 g VFACOD g
TCOD-1 (+40%)

CSTR, HRT: 4 d, 55 ˚C

Activated sludge

Sewage sludge

Activated sludge

Cambi

Exelys-DLD

BioThelys

mesophilic
digestion

Increase in effluent VFAs
concentration from 8.39 ± 0.13
to 8.41 ± 0.12 g COD L-1

Increase in VFA yield from
0.11 to 0.12 g VFACOD g-1
TCOD (+9%)
anaerobic Increase in biogas yield from Zikakis et al., 2019
0.39 to 0.45 m3 kg-1 TS fed
(+15%)

Increase in volatile solids
reduction from 40 to 52%
HRT: 12 d, thermophilic Increase in COD solubilization Chauzy et al., 2005
anaerobic
digestion, by 30% after first digester
HRT: 15 d mesophilic (thermophilic)
anaerobic digestion
Increase in biogas yield from
0.29 to 0.36 m3 kg-1 TS
processed (+19%)

HRT: 15 d, 35 ˚C

Increase in volatile solids
reduction from 33 to 45%
Increase in solubilization Chauzy et al., 2008
efficiency to 30%
Increase in volatile solids
removal from 25–30 % to 50–
55%
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Fermentation/acidification is an intermediate process of anaerobic digestion where simple
organic compounds (i.e. sugars, amino acids, and long chain fatty acids) are converted to
volatile fatty acids (VFAs) as acetate, propionate, butyrate, and even, ethanol and lactic
acid (Henze et al., 2008). The addition of ethanol, methanol, and acetate may be required
during biological nutrient removal (BNR) processes to provide enough carbon for the
removal of nutrients. However, carbon supplementation is costly and requires chemical
storage facilities, decreasing its attractiveness (Soares et al., 2007). Currently, VFAs are
mostly produced by chemical and biochemical processes from petroleum and natural gas.
However, the production of VFAs from organic wastes through fermentation/acidification
is considered a more sustainable approach for producing a carbon source for bioprocesses,
biogas production, and biological nutrient removal processes (Kakar et al., 2019a; MorganSagastume et al., 2011). Morgan-Sagastume et al., (2011) demonstrated an increase in the
VFAs yield by up to 200% when fermenting WAS at thermophilic temperatures.
Additionally, when fermenting the centrate of thermally pretreated WAS the VFAs yield
increased by 270% and 360% at mesophilic and thermophilic conditions respectively. With
the Cambi SolidStream configuration of applying THP to dewatered biosolids and
returning the liquid stream back to the digester, Barber et al. (2017) demonstrated the
capability of the system to increase VS reduction from 51% to 65% and 75% while
increasing biogas production by 25% and 44%. However, increases in VS destruction
should be associated with the same increases in gas production, nevertheless methane
content may have changed and had not been reported. By the addition of a THP unit at a
secondary treatment facility in Dublin, Ireland, Pickworth et al. (2006) found an almost
60% decrease in the required digester volume. Feng et al. (2014) investigated the impact
of THP on the rheology of WAS with a DS content of 10%. Before pretreatment, fluidity–
measured by a steady or flow test–of the WAS disappeared and rheological models were
not able to describe it well, however, after pretreatment the consistency index decreased
from 5.9 to 0.0039 Pa S, and the fluidity constant increased from 0.3 to 1, allowing it to be
expressed by Newtonian fluid models. Table 2.3 comprises literature findings on the
impact of TH on WAS in lab scale studies.
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Table 2.3. Impact of thermal hydrolysis pretreatment on activated sludge digestion
in lab-scale studies
Feedstock
Activated sludge

Pretreatment
Digestion conditions
conditions
Autoclave; T: 190 Anaerobic digestion;
˚C; RT: 15 min
CSTR; HRT: 20 d, 35 ±
0.5 ˚C

Results

Reference

Increase in methane production Bougrier et al.,
from 173 to 217 mL d-1 (+25%) 2008
Removal
efficiency
of
carbohydrates increased from
56 to 82%
Removal efficiency of lipids
increased from 67 to 82%

–

Activated sludge

Autoclave; T: 90–
210 ˚C; RT: 30 min

Activated sludge

Autoclave; T: 170 Anaerobic digestion;
˚C; RT: 30 min
CSTR; HRT: 20 d, 35
˚C

Activated sludge

Activated sludge

Activated sludge

Activated sludge

Activated sludge

Activated sludge

Thermal reactor; T:
175–275 ˚C; P: 3
bars; RT: 30 min
Autoclave; T: 170
˚C; RT: 30 min

Aerobic digestion;
HRT: 10 d; 20 ˚C; DO:
≥ 2 mg L-1
Anaerobic digestion;
Batch assay; HRT: 17–
24 d; 35 ˚C
Pressure reactor; T: Anaerobic digestion;
175 ˚C; RT: 30 min CSTR; HRT: 15 d, 35
˚C
Thermal reactor; T: Anaerobic
digestion;
150 ˚C; P: 3 bars; BMP assays; HRT: 50 d
RT: 50 min
Autoclave; T: 121 Anaerobic
digestion;
˚C; P: 1.5 atm; RT: Batch assay; HRT: 7 d;
30 min
37 ˚C

Removal efficiency of proteins
increased from 35 to 46%
Decrease in the SVI of treated
sludge from 140 to 47 mL g-1 at
150 ˚C, and 36 mL g-1 at higher
temperatures
Increase in methane yield from
128 to 228 L kg-1 VSin (+78%)

Bougrier et al.,
2007

Bougrier et al.,
2006

Increase in VS removal from
35% to 65%
Increase in aerobic digestion Burger et al.,
rate
2013
Increase in methane production
from 128 to 288 mL g-1in
(+78%)
Increase in methane production
from 397 to 640 mL d-1 (+60%)
over the control.
Increase in methane yield from
225 to 336 mL g-1COD (+49%)

Carrere et al.,
2008
Haug et al.,
1978
Jo et al., 2018

Increase in methane production Kim et
from 2507 to 3390 L m-3WAS 2002
(+35%)

al.,

Increase in soluble COD from
8.1 to 17.6%
Autoclave; T: 170 Anaerobic
digestion; Increase in the soluble COD Li & Noike,
˚C; RT: 60 min
CSTR; HRT: 5 d; 35 ± 1 fraction from 7.9 to 49.7%
1992
˚C
Increase in biogas yield 108 to
223 mL g-1 COD (+107%)
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Increase
in
soluble
carbohydrates from 6 to 46.6%
Increase in soluble proteins
from 4.8 to 44.3%
Increase in soluble lipids from
16.6 to 38.2%

Activated sludge

Digested activated
sludge

Activated sludge

Activated sludge

Activated Sludge

Increase in VFAs concentration
from 166 to 2058 mg COD L-1
(+1140%)
Full scale thermal Anaerobic
digestion; Increase in biogas production Phothilangka
hydrolysis unit; T: CSTR; HRT: 20 d; from 90.32 to 162.82 L kg-1 et al., 2008b
180 ˚C; P: 19–21 mesophilic conditions
COD (+80%)
bars; RT: 60 min
Increase in the disintegration
rate from 0.25 to 1.5 d-1
Autoclave; T: 180 Anaerobic
digestion; Increase in methane yield from Pinnekamp,
˚C; RT: 45 min
Pilot digester; HRT: 20 60 to 223 L kg-1 VSin (+270%), 1989
d; 35 ˚C
almost equal to raw activated
sludge
Pilot
thermal Anaerobic
digestion Increase in methane production Polanco et al.,
reactor with a flash CSTR; HRT: 12 d; 35 ˚C by 55%
2008
vessel; T: 170 ˚C; P:
7 bars; RT: 30 min
Pilot
thermal Anaerobic
digestion; Increase in methane production Sapkaite et al.,
reactor with a flash BMP assay; 35 ˚C
from 220 to 362 mL g-1 VSfed 2017
vessel; T: 163 ˚C; P:
(+65%)
12 bars; RT: 35
min;
1
flash
explosion
Thermal reactor; T: Anaerobic
digestion; Increase in methane production Stuckey
&
175–275 ˚C; RT: 60 BMP assays; HRT: 81 d; by 27% over the control
McCarty, 1984
min
35 and 55 ˚C
Decrease in methane yields at
higher temperatures due to the
formation of toxic compounds

As demonstrated by Li et al. (1992), after the TH of WAS at 170 ˚C for 60 min, the soluble
COD fraction increased from 7.9% to 49.7%, associated with increases in the
concentrations of VFAs, carbohydrates, proteins, and lipids. Additionally, the total count
of methanogenic organisms increased from 7.9 × 107 to 2.3 × 108 when the operational
SRT was decreased from 10 to 5 d. When the SRT was lowered to 1.5 and 3 d,
methanogenic organisms were washed out. Hauge et al. (1978) applied TH at 175 ˚C for
30 min, on both WAS and a mixture of WAS and PS. The application of TH on WAS
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solely affected a 60% increase in methane production. Only a 14% increase in methane
production was observed after thermally hydrolyzing the WAS and PS mixture. Pinnekamp
(1989) applied TH to digested WAS resulting in an increase in the methane yield by 270%.
However, when the temperature was raised above 180 ˚C, although solubilization
increased, gas production decreased due to the formation of humic acid like materials.
Carrere et al. (2008) was able to correlate the increase in temperature with the increase in
solubilization and biodegradability up to 190 ˚C, beyond which a negative correlation was
observed due to the formation of refractory compounds. Burger et al. (2008) demonstrated
no improvement in biodegradability by aerobic digestion of THP pretreated WAS, despite
an enhancement in the degradation kinetics. The same results were demonstrated by Jo et
al. (2018) with aerobic digestion, however, a 49% increase in the methane yield was
achieved during anaerobic digestion. Phothilangka et al. (2008) was able to achieve an 80%
increase in the methane yield and found an increase in the disintegration rate from 0.25 to
1.5 d-1 after fitting methane production curves through modelling. After critically analyzing
the data from the literature, THP increased the solubility of WAS contributing to an
increase in soluble COD, carbohydrates, proteins, lipids, and VFAs concentrations.
Additionally, improvements in disintegration rates have been attained. The increase in THP
temperatures can be correlated to an increase in solubilization, but not biodegradability. At
higher THP temperatures (i.e. > 180 ˚C) the production of refractory compounds was
reported (Carrere et al., 2008) however, at shorter contact times, the formation of these
compounds is less pronounced. The impact of THP on aerobic digestion is only kinetic by
increasing the degradation rate, however, during anaerobic digestion, kinetics as well as
biodegradability are improved, demonstrated by the increase in methane yields, methane
production rates, and the decrease in the required operational digester volume and SRT.

2.4.6.2

Impacts on Municipal Solids Wastes

Thermal hydrolysis pretreatment of municipal solid wastes has not been investigated as
much as sludges. Table 2.4 comprises literature findings on the impact of THP on MSW.
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Table 2.4. Impact of thermal hydrolysis pretreatment on municipal solid wastes
Feedstock
Food waste

Food waste

Food waste

Food waste

Food waste

Food Waste

Pretreatment
Digestion conditions
conditions
Oven; T: 80, 100, Anaerobic digestion;
120, and 140 ˚C; BMP assay; 33 ± 1 ˚C
RT: 30 min

Increase in methane
production by 22.2% at
80 ˚C, which decreased
to only 3.8% at 140 ˚C
Thermal reactor; T: Anaerobic digestion Increase in hydrogen
140 ˚C; RT: 20 min Two-stage
batch yield from 36.7 to 43 mL
assay; HRT: 2–24 d; g-1 VS (+17%)
35 ˚C
Increase in methane
yields from 424.4 to
511.6 mL g-1 VS (+20%)
Oven; T: 100 ˚C; Anaerobic digestion Increase in soluble COD
RT: 30 min
Batch assay; 37 ˚C
concentration from 47.7
to 68.54 g L-1 (+37%)

Pilot plant; T: 170
˚C; P: 10 bars; RT:
30 min
Autoclave; T: 80,
105, and 130 ˚C;
RT: 30 min
Oil bath; T: 170 ˚C; BMP assay, 37 ± 1 ˚C
RT: 60 min

Autoclave; T:160 CSTR; HRT: 94, 63,
˚C, P: 6.2 bars
47, and 31 d; 37 ˚C

Food waste

Jet reactor; T: 160–
200 ˚C; P: 40 bars;
RT: 30 min
Thermal reactor; T:
210 ˚C; RT: 10 min

Source separated
organics

References
Ariunbaatar et
al., 2014

Ding et al.,
2017

El Gnaoui et
al., 2020

Increase in methane yield
from 309.52 to 382.82
mL g-1 VS (+24%)
BMP assay; 35 ± 1, 50 Decrease in methane
Liu et al.,
± 1 ˚C
yield by 10% compared
2020
to raw sample
Anaerobic digestion; No biogas production
Menon et al.,
BMP assay; 55 ˚C
2015

Food waste

Source separated
organics

Results

Anaerobic digestion
Batch assay; 36 ± 1 ˚C
Anaerobic digestion
Batch assay; HRT: 3 d;
36 ± 1 ˚C

Decrease in methane
yield from 531.3 to 491.1
mL g-1 VS (-8%)
Decrease in methane
yield by 11% compared
to raw sample
Increase in bigas
production from 780 to
850 L kg-1 DS (+9%)
Increase in VFAs yield
from 768 to 1536 mg
VFAs g-1 VSS (+100)

Qiao et al.,
2011
Tampio et al.,
2014
Schieder et al.,
2000
Kakar et al.,
2019b

Increase in acidification
efficiency from 44 to
68%
Thermal reactor; T: Anaerobic digestion Decrease in suspended Lin et al.,
170 ˚C; RT: 30 min CSTR; HRT: 1 d; 36 ± solids by 32%
2019
1 ˚C
Increase
in
VFAs
concentration from 15 to
19.7 g VFAs L-1 (+24%)
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Source separated
organics
Kitchen waste

Kitchen waste

Thermal reactor; T: Anaerobic digestion; Increase in methane yield
190 ˚C; RT: 20 min BMP assay; 35 ˚C
from 224 to 280 mL g-1
COD (+25%)
Thermal reactor; T: Anaerobic digestion Increase
in
biogas
120 ˚C; RT: 50 min Two-stage
batch production from 911 to
assay; HRT: 20 d; 35 1200 mL g-1 VSS (+32%)
˚C
Increase in methane
production from 607 to
899 mL g-1 VSS (+48%)
Oil bath; T: 175 ˚C; Anaerobic digestion Increase
in
initial
RT: 60 min
Batch assay; HRT: 15 methane production rate
d; 35 ˚C
by 5%

Razavi et al.,
2019
Li et al., 2015

Liu et al.,
2012

Decrease
in
VSS
concentration by 38.9%
Decrease in kitchen waste
methane production rate
by 7.9%

Fruit/vegetable
residue

Decrease in FVR waste
methane production rate
by 11.7%
Decrease
in
VSS
concentration by 38.4%

Results from the THP of FW vary vehemently as depicted in Table 5. Menon et al. (2015)
showed no biogas production after TH of FW. Ding et al. (2017) demonstrated and
improvement in the hydron and methane yields by 17% and 20% respectively. El Gnaoui
et al. (2020) showed an improvement in the solubilization of FW by 37% associated with
a 20% increase in the methane yield. Both Razavi et al. (2019) and Lin et al. (2019) were
able to attain almost 25% improvement in the methane yields of SSO at 190 ˚C and 170 ˚C
for 20 and 30 min respectively. On the other hand, THP has also been associated with
adverse effects on the anaerobic degradation of FW. The methane yield decreased from
531.3 to 491 mL g-1 VS at an applied THP at 170 ˚C for 60 min (Qiao et al., 2011). A 10%
decrease in the methane yield also occurred when applied THP to FW at 170 ˚C for 30 min
(Liu et al., 2020). Liu et al. (2012) applied THP to KW and FVR; although, methane yields
decreased by 7.9% and 11.7% respectively, despite a reduction in VSS by 38.9% and
38.4%. Tampio et al. (2014) showed a decrease in the methane yield of autoclaved FW
compared to raw FW after applying THP at 160 ˚C. On the contrary, Kakar et al. (2019b)
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applied THP to SSO from temperatures ranging from 150 ˚C to 240 ˚C, and the best results
were obtained from THP at 210 ˚C for 10 min. In the case of FW, the adverse effects seem
to be correlated to not only temperatures but also contact time. Beneficial effects are
attainable at higher temperatures (i.e. > 170) if the contact time is short (i.e. < 20 min). It
is evident from Table 4 that while biogas yields improved in batch studies, the two
continuous-flow anaerobic digestions studies i.e. Tampio et al. (2014) and Lin et al. (2019)
reported a decrease in methane yields, thus suggesting that the long-term exposure to
potential inhibitors in THP-processed FW adversely impacted digester operation, in
contrast to the short-term effect observed in batches.
Additionally, a change in colour was reported after THP was applied at elevated
temperatures. Tampio et al. (2014) reported an increase in the darkness of the colour of
autoclaved FW associated by a pleasant caramel smell. Ariunbaatar et al. (2014) also
reported FW becoming brown after THP at 140 ˚C for 30 min. Moreover, Liu et al. (2012)
reported the same browning colour when THP was applied to KW and FVR. The brown
colour has been associated with the formation of humic and fulvic acid like substances,
melanoidins, and caramelization (Svennevik et al., 2020; Zhang et al., 2020; Barber 2016;
Carrere et al., 2008; Pinnekamp 1989). Maillard compounds or melanoidins are a byproduct of the Maillard reaction, a non-enzymatic reaction between reducing sugars and
amino acids at elevated temperatures which are dark in colour, UV-quenching, and hardly
biodegradable polymers (Zhang et al., 2020; Hodge 1953). Currently, there are no
quantification methods for melanoidins. The most used method is ultraviolet absorbance at
254 nm (Svennevik et al., 2020; Dwyer et al., 2008).

2.5

Anaerobic Digestion Modelling

Several approaches for AD modelling have been developed since the seventies. Andrews
& Graef (1970) presented one of the first AD models, which included only a single
substrate (i.e. unionized acetic acid as acetate), a single microbial group (i.e. acetate
utilizing methanogens) and assumed no pH changes. The kinetics were incorporated using

36

Monod kinetics while also introducing the Haldane inhibition coefficient to emulate
enzyme inhibition at higher substrate concentrations.
Hill & Barth (1977) improved Andrew’s model by introducing a hydrolysis step and
acidogenesis (i.e. acid formation from glucose). They also added carbonate equilibrium, a
nitrogen balance, cation exchange, and the inhibition of acetoclastic methanogens by
ammonia and VFAs.
In the model developed by Eastman & Ferguson (1981), hydrolysis was considered the rate
limiting step, contrary to methanogenesis in the two previous models. A continuously
stirred tank reactor (CSTR) fed primary sludge was used in the model development. In this
model, the substrate pathway was described as follows: biodegradable solids are
hydrolyzed to smaller soluble molecules; soluble molecules are then metabolized for
biomass growth and acid production. The main assumptions in the acid phase model are:
cell decay contributes to the pool of digested products; nitrate and sulphate concentrates
are negligible; and electron acceptors are solely organics and carbon dioxide. A schematic
of the acid phase model is demonstrated in Figure 2.6.
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Figure 2.6. A schematic of the acid phase model developed by Eastman & Ferguson
(1981)
Hill (1982) developed one of the first models closest to the models currently used in AD
modelling. The model was based on the digestion of animal waste and included the
hydrolysis of complex organic materials to soluble biodegradable materials by extracellular
enzymes. The soluble biodegradable materials are then converted to butyrate, propionate,
and acetate. Butyrate and propionate are converted to formate, hydrogen, and carbon
dioxide, which are partly converted to acetate for methane production, and the remaining
is reduced to methane. This model like the others also used Monod kinetics in the
representation of bacterial growth and substrate utilization processes.
Angelidaki et al. (2003) developed a model where the substrate composition was defined
in the form of macromolecules (i.e. carbohydrates, lipids, and proteins), inorganic
components (ammonium, phosphate, cations, and anions), and their degradation
intermediates (VFAs). Carbohydrates were included in the model as particulate, soluble,
and inert fractions; the particulate is hydrolyzed to soluble carbohydrates, which are then
converted to volatile fatty acids by acidogenic bacteria. Lipids were expressed as glycerol
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trioleate which is converted to long chain fatty acids (LCFAs) by acidogenic bacteria.
LCFAs are then degraded to acetate and hydrogen by acetogenic bacteria. Proteins were
modeled as gelatin and were included similarly to carbohydrates as particulate, soluble,
and inert fractions. The particulate components are hydrolyzed to amino acids that are
converted in the subsequent degradation step to acetate, propionate, butyrate, and valerate.
The hydrolysis step was modelled by a first-order equation, which was best at describing
the complex chemical-biological interactions of the AD system. The first-order equation
was also used to model the biomass decay. All biological processes (uptake and substrate
degradation) were kinetically represented by a Monod equation, including a limiting term
for ammonia nitrogen availability as a nutrient for biomass growth. The effects of pH and
temperature were accounted for in the process kinetics.
Batstone et al., introduced the ADM1 model in 2002 to overcome the limitations of the
models developed in the previous decades which were attributed to their specificity. Like
Angelidaki et al. (2003), substrates were composed of carbohydrates, lipid, and proteins.
The model included biochemical processes governed by intra and extracellular enzymes.
The disintegration rate of complex substrates and biomass decay are modelled as a firstorder equations. The growth and uptake kinetics were modelled by Monod kinetics with
the introduction of an inhibition coefficient. Physico-chemical processes included liquidliquid reactions such as ion association/dissociation; gas-liquid exchanges as in gas
transfer; and liquid-solid transformations for the precipitation and solubilisation of ions.
Models can play an important role in supporting the application of technologies such as
thermal pretreatment and anaerobic digestion if the processes involved in these systems
can be accurately represented. As the SRT of the activated sludge system increases, the
active fraction of the biomass decreases due to endogenous cell decay leaving a cell residue
or debris termed endogenous products (Van Haandel et al., 2007). Various studies
examining the biodegradability of WAS concluded that endogenous products generated in
the AS system are believed to be inert unbiodegradable particulate materials under both
aerobic and anaerobic conditions (Nopens et al., 2009; Ekama et al., 2007). However, under
starvation conditions, microorganisms can produce lytic enzymes that can degrade cell
walls as a survival response (Hao et al., 2010). Existing modelling approaches were
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developed to simulate AS systems at conventional SRTs (i.e. < 30 d) (Henze et al., 2000,
Dold et al., 1981). These AS models can successfully predict the characteristics of
wastewater treatment sludges. Nevertheless, with the introduction of membrane
technologies allowing the AS process to operate at SRTs longer than 30 d. and eliminating
clarification problems, modelling attempts for quantifying sludge production in MBR
processes demonstrated discrepancies between predicted and experimental values, where
the predicted values were overestimated by the models indicating the occurrence of
endogenous products degradation not included in the models (Lubella et al., 2009;
Spérandio & Espinosa 2008; Laera et al., 2005). Later studies dedicated to identifying the
endogenous products degradation rate have been attempted. For instance, Ramdani et al.
(2010) identified the degradation rate of endogenous products to be 0.005 d-1 and 0.012 d1

under anaerobic and alternating aerobic-anaerobic conditions respectively. The study was

conducted by growing biomass on a synthetic solution of sodium acetate in an MBR
operated at a 5.2 d SRT. The WAS from the MBR unit was digested in a 90-d batch
anaerobic digestion test. Jones et al. (2008) was able to identify the endogenous products
decay rate by fitting the cumulative methane production rate of a batch test operated at a
long SRT (i.e. 130 d). The discrepancy between the results of the model and the experiment
suggested that endogenous products do not degrade unless systems are operated at
prolonged SRTs of 40–60, and even then, at a slow degradation rate of 0.0075 d-1.
Modelling the impact of thermal hydrolysis pretreatment (THP) has not been investigated
widely especially the impact of THP on the degradation of the substrates. Phothilangka et
al. (2008a) modelled the impact of THP on the hydrolysis rate of WAS using the ADM1
model. It was found that the hydrolysis rate improved from 0.25 to 1.5 d-1 by fitting
experimental and modelled methane production rates in a batch test, the significant increase
in the hydrolysis rate was associated with an 80% increase in the biogas production to 163
L kg-1 COD. The increase in biogas production and the hydrolysis rate was attributed to
THP converting endogenous decay products to readily available material for bacterial
consumption, consequently unlocking methane potential that would only be available at
prolonged SRTs.
Jo et al. (2018) applied THP to WAS grown on synthetic wastewater at temperatures of
125, 150, and 175 ˚C and performed BMP tests to assess improvements in biodegradability
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and kinetics. A discrepancy between experimental and predicted cumulative methane
production curves was observed. This discrepancy was owed to THP converting
endogenous products to readily biodegradable materials. THP not only increased the
methane yield from 225 to 336 mL g-1 COD, but also the specific methane production rate
from 37 to 65 mL g-1 COD d-1. It was also suggested that THP increased the degradation
rate of endogenous products to 0.023 d-1 compared to 0.0075 d-1. However, an increase in
the hydrolysis rate of the WAS would be a better explanation to the improved methane
production rates unless the non-completely converted endogenous products have also
undergone certain changes that cannot be described or quantified.

2.5.1 Anaerobic Digestion Modelling Limitations
Various modelling software are also used in modelling wastewater treatment and anaerobic
digestion processes developed by companies using proprietary models such as BioWin
(EnviroSim Associates Ltd, Canada) which uses the activated sludge digestion model
(ASDM). Other software are available on the market such as GPS-X (Hydromantis ESS,
Inc., Canada), SIMBA# (inCTRL Solutions, Canada), and SUMO (Dynamita, France).
Modelling software used in whole plant simulations are normally based on the ASM No. 1
models with the addition of proprietary modifications which are essentially developed to
model the liquid train of the treatment plant and does not include the anaerobic digestion
process in its stoichiometric matrix (Henze et al., 2000). Substrates or organics are
fractionated differently in ASM based models and the ADM1 model, where ASM models
adopt COD fractionations and the ADM1 adopts a macromolecular fractionation of the
substrate (i.e. carbohydrates, proteins, lipids), which does not allow the integration of the
ADM1 model in ASM based whole plant models. ASM based models also fail to predict
sludge production in systems operated at SRTs longer than 30 d (Menniti et al., 2012). In
the cell decay process of these models, intracellular materials of microorganism are
considered a particulate substrate termed Xs that requires hydrolysis for further utilization.
However, the endogenous residue or the cell debris fraction produced from cell decay (fp)
does not undergo any changes (Henze et al., 2000), leading to inaccurate sludge production
rates. Fermentation in the ASM models was not introduced until the release of the ASM
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No. 2, where phosphorus accumulating organisms (PAOs) were introduced which require
a readily biodegradable substrate–preferably acetate. However, fermentation was overly
simplified by introducing an Sf component representing the fermentable soluble substrate,
which is converted to acetate only. In the ASM based models, modifications were made
allowing biodegradable COD components (i.e. particulate and soluble) to undergo
fermentation, however, the only fermentation by-products produced are propionate and
acetate; the sum of which becomes a combined variable representing the total VFAs
concentration. In the ADM1 model carbohydrates, proteins, and lipids are degraded by
bacterial groups that are assumed to be specific (i.e. sugar; amino acids; LCFA; valerate
and butyrate; propionate degraders), cannot be quantified experimentally, and mutually
exclusively. None of the available models are capable of accurately predicting fermentation
owing to being overly simplified (i.e. ASM based models) or overly complicated (i.e.
ADM1). Additionally, none of these models are capable of predicting alcohol fermentation.
Methanol may be available as a state variable, but only a supplemental carbon source for
denitrification.

2.6

Anaerobic Co-Digestion

Co-digestion is the simultaneous digestion of two or more substrates in a homogenized
mixture whether in the solid or liquid form making it a viable option to overcome the
drawbacks of mono-digestion. Advantages of co-digestion include the higher methane
yields due to supplemental nutrients, diversion of food wastes from landfills, and diversion
of fats, oil, and grease from the wastewater collection and treatment infrastructure (Linville
et al., 2015). Anaerobic digestion of mono-substrates has its own drawbacks. For example,
sewage sludges digesters operate at low organic loading rates; animal manure and
slaughterhouse wastes produce high concentrations of nitrogenous compounds possessing
risks to methanogens; and municipal solid wastes lack nutrients and degrade rapidly,
resulting in accumulation of intermediate acids. Co-digestion also facilitates the digestion
of fats and proteins which are normally poorly biodegradable on their own (Mata-Álvarez
et al., 2014; Zitomer et al., 2008; Alatriste-Mondragón et al., 2006).
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2.6.1 Co-Digestion substrates
All kinds of organic wastes containing carbohydrates, proteins, lipids, cellulose, and
hemicellulose are suitable for anaerobic digestion (Esposito et al., 2012). In Denmark, 22
centralized biogas plants were built as part of a development and demonstration
programme to supply renewable energy. The main substrate being fed to these plants is
manure mixed with other organic substrates utilizing almost 1.5 million tonnes/year and
producing approximately 39 million cubic metres of methane/year (Angelidaki et al.,
2003). Additionally, in Germany, over 500 facilities for the anaerobic digestion of the
organic fraction of municipal solid waste are available, processing almost 8.4 million
tonnes per year (Alatriste-Mondragón et al., 2006).

2.6.1.1

Fat, Oils, and Grease (FOG)

FOG is a term used to define the lipid-rich material generated from cooking and food
processing (Long et al., 2012). FOG is known to have a high methane yield due to the high
molecular content of carbon and hydrogen (i.e. 0.7–1.1 m3 kg-1 VS), which makes it
attractive for co-digestion (Mata-Álvarez et al., 2014; Esposito et al., 2012). However,
utilizing lipids for biogas production is not always feasible due to the low nutrient content,
and low alkalinity (Palatsi et al., 2009). Moreover, FOG has been associated with
operational problems. The accumulation of long chain fatty acids (LCFAs), the main
intermediate product of lipid degradation has been associated with the inhibition of
acetoclastic and methanogenic organisms, substrate transport limitation, sludge floatation,
digester foaming, and biomass washout due to lipid adsorption (Zonta et al., 2013; Long et
al., 2012; Pereira et al., 2003).
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2.6.1.2

Manure

In anaerobic co-digestion, manures normally refer to pig and cow manure as little attention
has been paid to livestock and poultry manure. Manure has rather low total solids
concentrations ranging from 5%7% for pigs and 7%9% for cows and cattle. Manure also
comprises a large fraction of lignocellulosic fibers which are slowly degradable and
normally pass the treatment process unchanged. The high-water content and slow
degradability of manure are the reason for low methane yields during digestion.
(Angelidaki et al., 2003). Manure and animal slurry are some of the richest proteinaceous
substrates. These substrates are characterized by low C/N ratios and high buffering
capacities, which makes systems susceptible to failure due to ammonia inhibition
(Callaghan et al., 2002). Balancing the C/N ratio of manure is feasible by co-digestion with
substrates of high C/N ratios with a relatively higher fraction of readily biodegradable
materials and prone to accumulating volatile fatty acids like crop residue and municipal
solid wastes (Wang et al., 2012; Mata-Álvarez et al., 2011).

2.6.1.3

Organic Fraction of Municipal Solid Waste

The organic fraction of municipal solid waste (OFMSW) as the main substrate has not been
studied much, but rather as co-substrate to sewage sludge owing to the fact that wastewater
treatment plants with anaerobic digesters can utilize both wastes beneficially while
reducing the treatment cost of both wastes significantly (Mata-Álvarez et al., 2014).
Carbohydrates are the main constituents of the OFMSW which can be degraded rapidly to
volatile fatty acids. With the lack of balance between the acidification process and the
uptake from methanogenic archaea, progressive drops in the pH occur, thus inhibiting the
methanogenic activity (Esposito et al., 2012). Cellulose wastes (CW) produced from paper,
cardboard, and textile factories contribute to municipal solid wastes that are not source
separated. CW have a relatively high C/N ratio ranging from 73–1000, while the optimal
C/N ratio is in the range of 20–30 (Mehariya et al., 2018; Zhang et al., 2008; Hawkes et
al., 1980).
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2.6.2 Co-Digestion of Sewage Sludge and Food Waste
Sewage sludge is ranked second as the main substrate for anaerobic co-digestion processes,
mostly being digested with the OFMSW. The driving force towards co-digestion of SS is
owed to the low organic loading rates of SS digesters, associated with an unused capacity
of almost 30% (Mata-Álvarez et al., 2014). A summary of co-digestion studies on SS and
FW in the literature and their impact on anaerobic digestion is presented in Table 2.5.
Cabbai et al. (2013) observed a 47% increase in the methane yield to 365 mL g-1 VS from
after the introduction of OMFSW to SS at a 50:50 (v/v), suggesting that the higher C/N
ratio of the mixture improved process stability and methane production. Gu et al. (2020)
observed only a slight increase in the methane yield (+8.7%) over the theoretical yield,
which suggested that co-digestion did not enhance biodegradability, but only the methane
production rates. Kim et al. (2017) demonstrated an increase in the methane yield to 0.29
mL g-1 COD by the addition of FW compared to the 0.16 to mL g-1 COD of SS at steadystate continuous operation, while also observing an increase in the degradation kinetics
(0.042 to 0.11 d-1), demonstrating that the increase in biodegradability cannot be attributed
to the C/N ratio only as reported in the literature. Mu et al. (2020) demonstrated the addition
of SS to FW improved the methane yield while also maintaining stable operation with
respect to VFAs accumulation and pH stability (i.e. almost 7.5). Pan et al. (2019) observed
a decrease in the lag phase at a mixing ratio of 50:50 (w/w) to 0.182 d versus 2.098 d and
3.182 d for SS and FW respectively. Sosnowski et al. (2008) observed an increase in the
methane yield from 0.195 to 0.283 mL g-1 COD by the addition of OFMSW to SS at a
75:25 (w/w) demonstrating co-digestion prevented the accumulation of VFAs during the
mono-digestion of OFMSW. Wang et al. (2020) observed an increase in the methane yield
over the theoretical yield at all mixing ratios investigated, the highest being at a 50:50 ratio,
due to the balance in the C/N ratio and avoidance of ammonia and acid inhibition. Zhou et
al. (2013) observed a 101% increase in the hydrogen yield mixing PS, WAS, and FW, due
to improved nutrient balances. Park et al. (2020) applied THP to a mixture of SS and FW
at different temperatures and reported that at the optimum temperature of 140 ˚C, an
increase in the methane yield from 0.29 to 0.44 mL g-1 VS, accompanied by an increase in
the methane production rate from 5.55 to 12.44 mL d-1 was observed. THP at higher
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temperatures (i.e. 160 ˚C and 180 ˚C) was detrimental to digestion and the formation of
recalcitrant compounds was also reported.
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Table 2.5. Impact of co-digestion of sewage sludge and the organic fraction of municipal solid waste on anaerobic digestion
Substrate

Mixing ratio

Pretreatment conditions

Digestion conditions

Results

Reference

90:10 (v/v)
50:50 (v/v)

C/N
ratio
13.2
11.1

SS + OFMSW

–

–
–
–
23
25
27
–

–

7.5
8.9
9.8
10.8
13.4
–

–

SS + FW

80:20 (w/w)
60:40 (w/w)
50:50 (w/w)
40:60 (w/w)
20:80 (w/w)
50:50 (w/w)

Increase in the methane yield from
249 to 365 mL g-1 VS (+47%) at a
50:50 ratio
Increase in the methane yield from
336.7 to 368.7 mL g-1 VS (+8.7%)
at a 25:75 ratio
Increase in the methane yield from
0.16 to 0.29 L g-1 COD (+81%) at a
60:40 ratio by co-digestion
Increase in the methane yield of SS
from 254.6 to 309.6 mL g-1 VS
(+18%)
Increase in the hydrolysis rate to
0.334 d-1 and decrease in the lag
phase to 0.182 d at a 50:50 ratio

Cabbai et al.,
2013

75:25 (w/w)
50:50 (w/w)
25:75 (w/w)
90:10 (v/v)
80:20 (v/v)
60:40 (v/v)
25:75 (w/w)

Anaerobic digestion;
BMP assay; HRT:
28 d; 37 ˚C
Anaerobic digestion;
BMP assay; HRT:
35 d; 37 and 55 ˚C
Anaerobic digestion;
CSTR; HRT: 20 d;
35 ˚C
Anaerobic digestion;
CSTR; HRT: 20 d;
37 ˚C
Anaerobic digestion;
BMP assay; HRT: 60
d; 37 ± 0.2 ˚C

SS + FW

Increase in the methane yield from Park et al., 2020
0.29 to 0.44 mL g-1 VS (+52%)

SS + OFMSW

75:25 (v/v)

–

SS + FW

75:25 (w/w)
50:50 (w/w)
25:75 (w/w)

16.1
22.3
29.7

Anaerobic digestion;
BMP assay; HRT: 40
d; 38 ˚C
Anaerobic digestion;
BMP assay; HRT: 26
d;
mesophilic
conditions
Anaerobic digestion;
BMP assay; HRT: 30
d; 35 ± 1 ˚C

SS + FW

SS + FW

SS + FW

–
–

Thermal reactor; T: 140
˚C; RT: 30 min;
pretreated FW
–

–

Gu et al., 2020

Kim et al., 2017

Mu et al., 2020

Pan et al., 2019

Increase in the methane yield from Sosnowski et al.,
0.195 to 0.283 L g-1 COD by co- 2008
digestion
Increase in the methane yield from Wang et al., 2020
251.2 to 415.3 mL g-1 VS (+65%) at
a 50:50 ratio
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PS + WAS + FW

5:5:90 (v/v)
15:5:80 (v/v)
10:10:80 (v/v)
5:15:80 (v/v)
20:10:70 (v/v)
15:15:70 (v/v)
10:20:70 (v/v)
30:10:60 (v/v)
20:20:60 (v/v)
10:30:60 (v/v)

–
30
–
–
–
–
–
–
–
–

–

Anaerobic digestion; Increase in the hydrogen yield to 76 Zhou et al., 2013
BHP assay; HRT: mL g-1 COD (+101% over the
2.5 d; 37 ˚C
theoretical yield) at the 5:15:80 ratio
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2.6.2.1

Co-Digestion of Waste Activated Sludge and Food Waste

A summary of the literature on the impacts of co-digestion of WAS and FW is presented
in Table 2.6. Nara et al. (2016) observed a 38% increase in the methane yield after applying
THP to a WAS and FW mixture at 120 ˚C. Nielfa et al. (2015) observed a only a 10%
increase in the methane yield at an 80:20 (w/w) ratio. Heo et al. (2004) demonstrated that
the optimum mix ratio in terms of buffering capacity, VS destruction, and biogas
production was 50:50 (w/w), however, no synergism was reported. Yun et al. (2015)
reported an increase in the methane yield by 53% upon the addition of FW to WAS at an
88:12 (w/w) ratio, accompanied by an increase in the methane production rate from 167 to
327 mL g-1 COD d-1. The increase in the methane yield was owed to an increase in the level
of hydrolytic extracellular protease (HEP) activity, which has been linked to improvement
to the hydrolysis rate, by 42%. Zhou et al. (2013) reported a 100% increase in the hydrogen
yield over the theoretical from 31 to 62 mL g-1 COD fermenting a 25:75 (v/v) mixture.
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Table 2.6. Impact of co-digestion and thermal hydrolysis pretreatment of waste activated sludge and food waste on anaerobic
digestion
Substrate

Mixing ratio

WAS + FW

70:30 (v/v)

WAS + FW

80:20 (w/w)
60:40 (w/w)
40:60 (w/w)
20:80 (w/w)
10:90 (w/w)
30:70 (w/w)
50:50 (w/w)
70:30 (w/w)
90:10 (w/w)
90:10 (v/v)
70:30 (v/v)
50:50 (v/v)

39.8
29.9
21.7
14.8
6.16
7.16
8.38
10.8
14.14
–

90:10 (w/w)
80:20 (w/w)
70:30 (w/w)
60:40 (w/w)
15:85 (w/w)
50:50 (w/w)

–
–
–
–
–
–

WAS + FW

WAS + FW

WAS + FW

TWAS +
FW

C/N ratio Pretreatment
conditions
–
Autoclave; T: 120 ˚C;
RT: 60 min; pretreated
mixture
–

–

Digestion conditions

Results

Anaerobic digestion;
Increase in the methane
BMP assay; HRT: 20 d; yield from 208.9 to 288.1
35 ± 1 ˚C
mL (+38%) with
pretreatment
Anaerobic digestion;
Increase in the methane
BMP assay; HRT: 29 d; yield from 200.17 to
mesophilic conditions
220.62 mL g-1 VS (+10) at
an 80:20 ratio
Anaerobic digestion;
Methane yields almost
CSTR; HRT: 10–20 d;
equal to the theoretical
35 ˚C
yield 0.324 mL g-1 VS at a
50:50 ratio

Reference
Naran et al.,
2016

Nielfa et al.,
2015

Heo et al., 2004

Thermal reactor; T: 150 Anaerobic digestion;
Increase in the methane Liu et al., 2015
˚C; RT: 30 min; BMP assay; HRT: 20 d; yield from 155.3 to 254.4
pretreated FW
35 ± 2 ˚C
mL g-1 VS as FW/WAS
ratio increased from 10%
to 30% and pretreatment
–
Anaerobic digestion;
Increase in methane yield Liu et al., 2013
BMP assay; HRT: 42 d; from 290 to 353.5 mL g-1
37 ˚C
VS (+20%) at a 15:85 ratio
–

Anaerobic digestion;
Increase in methane yield Yin et al., 2016
BMP assay; HRT: 35 d; from 385.1 to 412.5 mL g-1
35 ˚C
VS (+7%)
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WAS + FW

WAS + FW

98:2 (v/v)
95:5 (v/v)
92:8 (v/v)
88:12 (v/v)

10:90 (v/v)
25:75 (v/v)
50:50 (v/v)
75:25 (v/v)

14.8
14.9
15.2
15.5

–
31
–
–

–

–

Anaerobic digestion;
Increase in the methane Yun et al., 2015
BMP assay; HRT: 25 d; yield from 91 to 138 mL g1
35 ˚C
COD (+53%) at an 88:12
ratio
Increase in the methane
production rate from 167
to 327 mL g-1 COD d-1
(+96%) at the same ratio
Anaerobic
digestion; Increase in the hydrogen Zhou et al., 2013
BHP assay; HRT: 2.5 d; yield from 31 to 62 mL g-1
37 ˚C
COD (+100%) at a 25:75
ratio
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2.7

Synopsis

The main composition of WAS is microbial cells which, as a substrate, are not favourable
for anaerobic degradation (Weemaes & Verstraete, 1998). Thermal hydrolysis
pretreatment of WAS increased methane yields, biodegradability, and utilization rates
contributing to shorter digester SRTs while also resulting in significant reduction in
digester volume. Li & Noike (1992) operated a digester at a short SRT of 5 d and observed
an increase in the biogas yield of 107%. The impact of THP on more biodegradable
substrates such as primary sludge and the OFMSW is less pronounced. The highest
increase in the methane after the THP of FW was from Ding et al. (2017) who observed a
20% increase after THP at 140 ˚C. Ge et al. (2010) also demonstrated that THP before
TPAD of PS did not improve biodegradability but rather the degradation kinetics only.
THP at higher temperatures (> 190 ˚C) of WAS and (> 150 ˚C) of OFMSW proved to be
detrimental to the overall biodegradability due to the formation of of humic and fulvic acid
like substances, melanoidins, and caramelization (Svennevik et al., 2020; Zhang et al.,
2020; Barber 2016; Carrere et al., 2008; Pinnekamp 1989).
Advantages of co-digestion include higher methane yields owing to supplemental
nutrients, which also facilitates the digestion of fats and proteins which are normally poorly
biodegradable on their own (Mata-Álvarez et al., 2014; Zitomer et al., 2008; AlatristeMondragón et al., 2006). Synergism in co-digestion cannot be predicted beforehand.
Different explanations for synergism have been reported such as the balance in the C/N
ratio, trace element supplementation, dilution of toxic compounds, prevention of VFAs
accumulation, pH stability, and improvement in hydrolytic enzyme production and the
hydrolysis rate (Pan et al. 2019; Kim et al. 2017; Yun et al. 2015; Mata-Álvarez et al.,
2014; Cabbai et al. 2013).
Modelling can be a valuable tool in identifying process kinetic parameters as investigate
by Jones et al. (2008) in identifying the endogenous product decay rate during AD at
extended

SRTs.

Additionally,

Phothilangka

et

al.

(2008a)

identified

the

hydrolysis/disintegration rate of WAS after THP by fitting methane production data.
Moreover, Jo et al., (2018) was able to characterize biological sludge and the impact of
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THP using modelling, by investigating changes in the anaerobic degradation rate of
endogenous products. However, available models have their limitations with respect to
integrating wastewater treatment-oriented models (ASM) and anaerobic digestion-oriented
models (ADM1). Additionally, anaerobic digestion models fail to model fermentation
processes and fermentation by-products accurately either due oversimplifications (ASM),
overcomplications (ADM1), or not including fermentation by-products as state variables
in their stoichiometric matrix.

2.8

Knowledge Gaps

The co-digestion of WAS and FW has been investigated at various mixing ratios. However,
available data on the impact of THP on co-digestion is scarce. Naran et al. (2016)
investigated the impact of THP on a mixture of WAS and FW at a single mixing ratio and
a single THP temperature. Additionally, Liu et al. (2015) investigated the impact of THP
on FW and its addition to WAS at 3 different mixing ratios. However, only one
pretreatment temperature was investigated, and no controls were run to evaluate the impact
of THP on co-digestion. The impact of THP at different temperatures, different mixing
ratios, on process kinetics, biodegradability and synergy is a clear knowledge gap.
The hydrolysis rate of WAS after THP was investigated only by Phothilangka et al.
(2008a). However, evaluating the kinetics of a thermally pretreated mixture of sewage
sludge (i.e. PS and WAS) was not investigated. Additionally, no correlation has been
developed between the efficacy of THP and the aerobic SRT of the activated sludge system
affecting the biodegradability of the sludge produced.
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Chapter 3
3

Materials and Methods

3.1

Experimental Design and Setup

3.1.1 Experimental Design
The design of each phase comprises pretreatment at 4 different temperatures (i.e. 150, 170,
190, and 210 ˚C) and 3 mixing ratios for the FW to TWAS (i.e. 10, 30, and 50%) on a
volumetric basis. In the full-scale application of co-digestion of WAS and OFMSW in
Italy, Balzonella et al. (2006) reported that OFMSW was introduced to the digesters at a
10% volumetric ratio. The same mixing ratio has been adopted by Cabbai et al. (2013) with
an increase up to 50%. The adoption of the mixing ratios in this study was to emulate
mixing ratios at full-scale plants. The selected temperatures were based on critical review
of the available literature on THP. Temperatures up to 190 ˚C have been found to beneficial
for WAS pretreatment (Bougrier et al., 2007), beyond which the impact of THP becomes
detrimental. THP of FW is beneficial at temperature not exceeding 160 ˚C (Tampio et al.,
2014), beyond which it is detrimental, due to the formation of refractory compounds. The
increase in THP temperatures beyond the optimal ranges was to investigate whether the
adverse effects were due to deteriorated biodegradability and/or kinetics.
Controls containing only raw or pretreated feedstocks will also be ran to compare between
theoretical and measured methane yields. Tables 3.1–3.3 describe the factorial design of
the 3 phases of this study, where each condition is denoted by Sx where x is the number of
conditions investigated at each phase.
Table 3.1. Factorial design of Phase I
Phase

Phase I
Pretreated TWAS + Raw FW

Mixing ratio 0% FW 10% FW 30% FW 50% FW 100% FW
Temp.
No pretreatment
150 ˚C
170 ˚C

S16
S17
S18

S1
S4
S7

S2
S5
S8

S3
S6
S9

S21
–
–
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190 ˚C
210 ˚C

S19
S20

S10
S13

S11
S14

S12
S15

–
–

Table 3.2. Factorial design of Phase II
Phase

Phase II
Raw TWAS + Pretreated FW

Mixing ratio 0% FW 10% FW 30% FW 50% FW 100% FW
Temp.
No pretreatment
150 ˚C
170 ˚C
190 ˚C
210 ˚C

S21
–
–
–
–

S1
S4
S7
S10
S13

S2
S5
S8
S11
S14

S3
S6
S9
S12
S15

S16
S17
S18
S19
S20

Table 3.3. Factorial design of Phase III
Phase

Phase III
Pretreated TWAS and FW Mixtures

Mixing ratio 0% FW 10% FW 30% FW 50% FW 100% FW
Temp.
No pretreatment
150 ˚C
170 ˚C
190 ˚C
210 ˚C

S16
–
–
–
–

S1
S4
S7
S10
S13

S2
S5
S8
S11
S14

S3
S6
S9
S12
S15

S17
–
–
–
–

3.1.2 Thermal Hydrolysis Pretreatment
Thermal hydrolysis pretreatment was carried out using a Parr Series 4560 Reactor (Parr
Instrument Company, IL, USA) with a capacity of 100 mL. The temperature was

measured and controlled using a Parr 4848 Reactor Controller unit (Parr Instrument
Company, IL, USA). Pretreatment contact time was fixed at 30 minutes throughout this
study. The pressure inside the reactor was not controlled but was dictated by the
designated temperature to maintain equilibrium. Corresponding to temperatures of 150,
170, 190, and 210 ˚C, the pressures were 150, 250, 350, and 450 Psi, respectively.
Pretreatment was carried out in a number of continuous cycles to attain the required
volume for BMP tests and analyses. Table 3.4 describes the typical pretreatment cycle.
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Table 3.4. Steps of a typical pretreatment cycle

1

Step
1
2
3

Process
Feeding
Heating
Contact

Time (min)
–
15–251
30

4

Cooling

60

5

Collection

–

Description
The reactor is filled with the feedstock and sealed
Temperature is raised to designated value
The feedstock is held at the designated temperature for the
required contact time
The heater is turned off and the reactor is left to cool down
to room temperature
The pretreated feedstock is poured into a sampling bottle

Required heating time is dependent of the designated pretreatment temperature

3.1.3 Biochemical Methane Potential Tests
3.1.3.1

Automatic Methane Potential Testing

Biochemical methane potential tests were carried out using an Automatic Methane
Potential Test System II (AMPTS II; Bioprocess Control, Sweden). The number of bottles
used in Phase I and II were 42, while Phase III required 34 bottles. The bottles used had an
overall volume of 500 mL with a working volume of 400 mL. The volumes of both the
substrate and the inoculum were calculated based on an inoculum to substrate ratio (ISR)
of 2 g VSS/ g COD as recommended for most applications (Angelidaki et al., 2009). The
mixing mode was set to 30 seconds of mixing followed by 40 seconds of off-mixing at a
70% motor speed. All BMPs were carried out at a temperature of 37 ± 1 ˚C by incubating
the bottles in a water bath set at the designated temperature. Figure 3.1 depicts the AMPTS
II setup.

75

Figure 3.1. Automatic Methane Potential Testing System setup

3.1.3.2

Biogas Quality

A 3 M NaOH solution with a thymolphthalein indicator was prepared for carbon dioxide
absorption to ensure the measured gas is purely methane gas. The carbon dioxide
sequestration solution is prepared by adding 240 g of NaOH pellets to 1.5 L of deionized
water in a volumetric flask in a fume hood with a magnetic stirrer inside to dissolve the
pellets. After the pellets are dissolved, deionized water is added until the total volume of
the solution is 2 L. The indicator is prepared by adding 40 mg of thymolphthalein powder
to 9 mL of 99.5% ethanol and is stirred until it dissolves followed by the additional 1 mL
of deionized water. The indicator solution is then added to the NaOH solution and the
colour turns blue. A total of 80 mL of the carbon dioxide sequestration solution is added to
100 mL bottles connected to both the BMP bottles and the gas volume measuring device
by Tygon S3™ E-3603 flexible tubing with an internal diameter of 1/8 inches.
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3.1.3.3

Quality Criteria

Quality checks were carried out to ensure the inoculum is of good quality by analyzing pH,
alkalinity, VFA, and ammonium concentrations. A good quality inoculum can be
characterized by:
•
•
•
•

pH: > 7.0 and < 8.5
VFA: < 1.0 g CH3COOH L-1
NH4-N: < 2.5 g NH4-N L-1
Alkalinity: > 3 g CaCO3 L-1

If the alkalinity in the inoculum is below 3 g CaCO3 L-1 sufficient alkalinity should be added
in the form of sodium bicarbonate NaHCO3 until the concentration is ≥ 3 g L-1.
Additionally, if the pH is not in the given range it will be adjusted by the addition of either
hydrochloric acid HCL or sodium hydroxide NaOH. The inoculum is also preincubated for
a week at 37 ˚C (i.e. the experimental temperature) to remove any endogenous methane
production potential (Holliger et al., 2016) until methane production curves plateaued (i.e.
methane production is less than 2% of the cumulative for 3 consecutive days).

3.2

Sampling and Monitoring

Each phase was monitored daily to ensure gas production was continuous in all bottles
throughout the experiment until gas production curves plateaued. If no gas production was
observed in any of the bottles after 24 h from the initial setup, the bottle was replaced with
a similar new one. The water bath was filled with deionized water regularly to compensate
for evaporation and to ensure the design temperature was maintained throughout the
experiment. No liquid samples were withdrawn during the BMP assay. Samples were taken
at the end of each experiment and analyzed for the parameters indicated in previous
subsection.

3.3

Analytical Methods

Gravimetric measurements (i.e. total solids (TS), volatile solids (VS), total suspended
solids (TSS), and volatile suspended solids (VSS)) of the feedstocks (i.e. thickened waste
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activated sludge (TWAS), food waste (FW) and the inoculum were carried out using
Standard Methods (Baird & Bridgewater, 2017) using 1.2 μm filter papers (VWR
International, Canada). Total and soluble COD were measured by Hach Method 8000.
Total and soluble nitrogen were measured by Hach Method 10072. Ammonia was
measured by Hach Method 10031. Phosphorus was measured Hach Method 10127.
Volatile fatty acids were measured by Hach Method 10240 TNTplus 872. pH was
measured by Hach Method 8156 using a pH Meter Electrode.
For all soluble analyses including COD, nitrogen, ammonia, phosphorus, and VFAs,
proteins, and carbohydrates, sterile 0.45 μm membrane filter papers (VWR International,
Canada) were used for the filtration of the samples.
The viscosity of the raw and pretreated feedstocks was measured by an Alpha Series
Rotational Viscometer (Fungi Lab, USA), software version 1.2, at room temperature. The
samples are added to a beaker, and the viscometer rotating spindle was immersed in the
sample to the marked groove. The spindle rotated until the reading on the screen stabilizes.
After the reading stabilized, the range of measurement on the viscometer was checked, and
if the reading was within that range it was accepted.
Proteins were determined via Coomassie Bradford assay using the Pierce Coomassie
(Bradford) Protein Assay Kit (Thermo Fisher Scientific, Canada). Analysis was carried out
by adding 1.5 mL of the Coomassie reagent to 0.03 mL of the sample and mixing them
well. When mixed with a protein containing solution, the reagent changes colour from
brown to blue in proportion to protein content. Protein determination was made by
comparing the colour response to the protein assay standards. The concentration of protein
was obtained by reading absorbance at 595 nm using a Hach DR3900 spectrophotometer
(Hach, Canada). Carbohydrates were measured using the phenol sulphuric acid method as
described by DuBois et al. (1956).
Particle size distribution was carried out with a Mastersizer 2000E (Malvern Panalytical,
UK) particle size analyzer equipped with a Hydro 2000MU manual sample dispersion unit
using a Malvern Mastersizer 2000 software.
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3.3.1 Quality Assurance and Control
All samples were analyzed in duplicates. Blanks and standards were used to ensure the
accuracy of the results. The standard used for protein measurements was bovine serum
albumin (BSA) using a multipoint calibration at concentrations of 25, 125, 250, 500, 750,
1000, 1500, and 2000 mg L-1. The standard used for carbohydrates measurements was
glucose using a multipoint calibration at 133, 267, 400, 533, and 667 mg L-1. Hach
standards (Hach, Canada) were used in Hach method measurements (i.e. COD, nitrogen,
phosphorus, and ammonia). If the standards exceeded ± 10% of their true values or the
difference between the measured samples exceeded ± 10% of the average concentration,
the analysis was repeated (Baird & Bridgewater, 2017).

3.4

Materials

Thickened waste activated sludge was collected from the rotary drum thickeners at
Greenway Wastewater Treatment Centre (London, Ontario) treating both municipal and
domestic wastewater. Anaerobically digested sludge was collected from a mesophilic
anaerobic digester at the Water Pollution Control Plant (Stratford, Ontario) that is fed
primary sludge, and used as an inoculum for all BMPs in this experiment. Food waste was
collected from StormFisher (London, Ontario). The FW was obtained in the form of a
homogenized slurry which was used without undergoing any processing. The
characteristics of the individual feedstocks are reported in Appendix B. Samples were kept
in the cold room at a temperature of 5 ± 1 ˚C to preserve their characteristics. Thickened
waste activated sludge, food waste, and the seed were collected from the same three
aforementioned facilities throughout the 3 phases of this study to ensure consistency.
During Phase III, the raw feedstocks were mixed based on their volumetric ratios and kept
in a cold room at 4 ˚C, then samples were withdrawn daily for thermal hydrolysis.
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3.5

Calculations

3.5.1 Solubilization
The degree of solubilization, presented in Eq 3.1, is the difference between the
concentration of the soluble fraction of a certain parameter before and after pretreatment
divided by the initial concentration of the particulate fraction of the parameter was used to
assess the impact of THP on the feedstocks. Solubilization calculations were applied to all
parameters measured (i.e. COD, nitrogen, phosphorus, carbohydrates, and proteins).

% solubilization = (fst – fs0) / (fp0)

(3.1)

Where fst = soluble fraction of a parameter at a given time
fs0 = initial soluble fraction of a parameter
fp0 = initial particulate fraction of a parameter

3.5.2 Volatile Suspended Solids Reduction
The reduction in volatile suspended solids (VSR) in Eq 3.2 was also used to assess the
impact of THP on the feedstocks, which is the difference in VSS concentration before and
after pretreatment divided by the initial VSS concentration.
VSR = (VSSt – VSS0) / (VSS0)

Where VSSt =
VSS0 =

(3.2)

volatile suspended solids concentration at any given time (mg L-1)
initial volatile suspended solids concentration (mg L-1)

3.5.3 Modified Gompertz Modelling
The Modified Gompertz equation was used to assess the kinetics of every
condition/scenario investigated in this study as presented in Eq 3.3
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𝑀 = 𝑃 exp (− exp(

Where M
P
R
λ
e

=
=
=
=
=

𝑅×𝑒
(𝜆 − 𝑡) + 1))
𝑃

(3.3)

cumulative methane produced (mL)
maximum methane potential (mL)
methane production rate (mL d-1)
lag phase (d)
Euler’s number

Predicted and experimental cumulative methane production curves were fitted to the
Modified Gompertz equation by minimizing the sum of square residuals (SSR) expressed
in Eq. 3.4.

𝑛

(3.4)

𝑆𝑆𝑅 = ∑ (𝑦𝑖 − 𝑓(𝑥𝑖 ))
𝑖=0

Where SSR =
yi =
f(xi) =

3.6

sum of square residuals
ith value of the variable being predicted (experimental methane produced)
Predicted value of yi (predicted methane produced)

BioWin Modelling

Analyzing the available literature on the applications of thermal hydrolysis pretreatment
(THP) on wastewater sludges, it was found that no explicit correlation was developed
between the aerobic solids retention time (SRT) of the activated sludge (AS) system with
respect to the biodegradability of the biological sludge produced and the efficacy of THP.
As the SRT of the AS system increases, the active fraction of the biomass decreases leaving
cell residue or debris termed endogenous products (Van Haandel et al., 2007). Endogenous
products are considered inert unbiodegradable particulate materials in available
mathematical models (Menniti et al., 2012). BioWin 6.2 (EnviroSim Associates Ltd,
Canada), a wastewater simulation software was used to perform 12 simulations of 2 full
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scale plants at different aerobic SRTs (i.e. 5, 10, 15, 20, 30 and 60 d), to emulate the
increase in the concentration of endogenous products as the SRT increases, their
conversion by THP, and the impact of their conversion on methane production and
biodegradability.

3.6.1 Plant Configurations
A Modified Ludzack-Ettinger (MLE) process configuration preceded by primary
clarification was adopted for the SRTs of 5, 10, and 15 d, and an extended aeration
Carrousel configuration with no primary clarification was adopted for the 20, 30, and 60 d
SRTs. In the models adopting the MLE process, primary sludge (PS) and waste activated
sludge (WAS) were mixed before being pumped to the anaerobic digester. The WAS
produced from the secondary treatment process was thickened to the same solids content
of the PS in all models to maintain a PS to WAS ratio of 1:1 in the digester feed. In the
models adopting the Carrousel process, the same thickening process was applied to the
WAS until the dry solids (DS) content was at 3%–4%. For each scenario investigated,
another scenario with the application of THP was investigated. In the THP models the
sludges (i.e. PS and WAS) were thickened to achieve a DS content of 10% to emulate the
same solid content being fed to THP process at full-scale installations (Abu-Orf & Goss,
2012). Figures 3.2–3.5 depict the process schematics of the models adopted throughout the
study.
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Figure 3.2. Process schematic of the Modified Ludzak-Ettinger configuration
without thermal hydrolysis pretreatment

Figure 3.3. Process schematic of the Modified Ludzak-Ettinger configuration with
thermal hydrolysis pretreatment
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Figure 3.4. Process schematic of the Carrousel configuration without thermal
hydrolysis pretreatment

Figure 3.5. Process schematic of the Carrousel configuration with thermal
hydrolysis pretreatment
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The detailed sizes of the different process and units of both models are summarized in
Table 3.5.
Table 3.5. Various sizes and specifications of the model units
Process
Primary clarification

MLE

Carrousel
Final clarification
Phosphorus removal
Anaerobic digestion

Unit
Primary
clarifier
Aerobic
zone
Anoxic
zone
Aerobic
zone
Anoxic
zone
Final
clarifier
Chemical
addition
Anaerobic
digester

Dimensions
Area
Depth
Volume
Depth
Volume
Depth
Volume
Depth
Volume
Depth
Area
Depth
Dose
Volume

Value
7571
4.6
22710
4.5
6624
4.5
18927
4.5
18927
4.5
5000
4
0.72
750–4434

Unit
m2
m
m3
m
m3
m
m3
m
m3
m
m2
m
kg d-1
m3

Specification
Solid’s removal = 65%

Recycle rate = 100%
Internal recycle rate = 500%

Recycle rate = 100%
Solid’s removal = 99.8%
Ferric chloride dosed at a rate
of 12.6 m3 d-1
All digesters were operated at
a 15 d SRT

3.6.2 Model Calibration
The full plant MLE model used in this study was adopted from Kim et al. (2019),
maintaining the same influent flowrate of 10 MGD or 37,854 m3 d-1 and characteristics,
unit sizing and removal efficiencies; and chemical dosing for phosphorus removal. The
MLE configuration was modified to a Carrousel configuration for the higher SRTs (i.e. 20,
30, and 60 d); maintaining the same influent flowrate and characteristics and removing the
primary clarification unit. Detailed influent wastewater characteristics and fractionations
are summarized in Tables 3.6 and 3.7 respectively.
Table 3.6. Detailed influent wastewater characteristics
Parameter
Total chemical oxygen demand (COD)
Soluble COD (sCOD)
Particulate COD (pCOD)
Soluble inert COD (SI)

Value
438
173
265
28

Unit
mg L-1
mg L-1
mg L-1
mg L-1
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Particulate inert COD (XI)
Total biochemical oxygen demand (BOD)
Soluble BOD (sBOD)
Particulate BOD (pBOD)
Readily biodegradable COD (rbCOD)
Volatile fatty acids (VFAs)
Total suspended solids (TSS)
Volatile suspended solids (VSS)
Total Kjedahl nitrogen (TKN)
Soluble organic nitrogen (sON)
Soluble inert TKN (sTKNI)
Particulate organic nitrogen (pON)
Total ammonia nitrogen (TAN)
Total phosphorus (TP)
Soluble phosphorus (sP)
Alkalinity
pH

57
213
103
110
60
12
198
166
43
5.5
0.9
5.5
32
8.3
4.1
300
7.3

mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg (CaCO3) L-1
–

Table 3.7. Fractions of the influent wastewater characteristics
Name
Fbs - Readily biodegradable (including Acetate) (g COD/g of total COD)
Fac - Acetate (g COD /g of readily biodegradable COD)
Fxsp - Non-colloidal slowly biodegradable (g COD/g of slowly degradable
COD)
Fus - Unbiodegradable soluble (g COD/g of total COD)
Fup - Unbiodegradable particulate (g COD/g of total COD)
Fcel - Cellulose fraction of unbiodegradable particulate (g COD/g COD)
Fna - Ammonia (g NH3-N/g TKN)
Fnox - Particulate organic nitrogen (g N/g Organic N)
Fnus - Soluble unbiodegradable TKN (g N/g TKN)
FupN - N:COD ratio for unbiodegradable part. COD (g N/g COD)
Fpo4 - Phosphate (g PO4-P/g TP)
FupP - P:COD ratio for unbiodegradable part. COD (g P/g COD)
Fsr - Reduced sulfur (H2S) (g S/g S)

3.6.2.1

Default
0.16
0.15
0.75

Value
0.2425
0.1538
1

0.05
0.13
0.5
0.66
0.5
0.02
0.07
0.5
0.022
0.15

0.0746
0.13
0.5
0.6704
0.5
0.02
0.07
0.4983
0.022
0

Thermal Hydrolysis Unit

The thermal hydrolysis unit in BioWin is a dimensionless unit that instantaneously applies
conversion to state variable while maintaining mass balances. The thermal hydrolysis unit
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enables the simulation of the breakdown of different sludge streams into different
particulate and soluble components. Table 3.8 describes the potential conversions of the
model’s state variables with thermal hydrolysis in BioWin.
Table 3.8. Potential conversions of state variables with thermal hydrolysis
State variable

Potential conversion
Biomass (Z)
Biomass (Z)
Slowly biodegradable particulate COD (XSP)
Endogenous products (ZE)
Endogenous products (ZE)
Endogenous products (ZE)
Slowly biodegradable particulate COD (XSP)
Soluble inert COD (SI)
Unbiodegradable particulate COD (XI)
Unbiodegradable particulate COD (XI)
Slowly biodegradable particulate COD (XSP)
Slowly biodegradable COD (XS)
Oxidized COD (SO2)
Slowly biodegradable COD (XS)
Soluble biodegradable COD (SBSC)
Acetate (SBSA)
Unbiodegradable soluble organic nitrogen (NUS)
Particulate organic nitrogen (XON)
Soluble organic nitrogen (NOS)
Ammonia (NH4)

The thermal hydrolysis unit was calibrated twice; once for the conversion of the PS and
TWAS mixture produced from the MLE process models and the other for the conversion
of TWAS from the Carrousel process models. Table 3.9 summarizes the THP unit
parameters and changes made in their default values.
Table 3.9. Thermal hydrolysis pretreatment unit modified values
#
1
2
3
4
5
6
7
8
9
10
11

Name
Fraction of biomass converted
Fraction of converted biomass going to endogenous residue
Fraction of endogenous converted
Fraction of converted endogenous going to unbiodegradable soluble
Fraction unbiodegradable particulate converted
Fraction of Xs converted
Fraction of converted Xs that is oxidized
Fraction of converted Xs going to undegradable soluble
Fraction of remaining converted Xs converted to Sc
Fraction of Xon hydrolyzed
Fraction of converted Xon going to soluble undegradable organic N

Default
1
0.2
0
0.5
0
0.95
0
0.05
0.5
0.95
0.05

MLE
1
0
0.47
0
0
0.38
0
0
0.99
0.95
0.05

Carrousel
1
0
0.47
0
0
0.66
0
0
0.99
0.95
0.05
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12 Fraction of remaining converted Xon converted to Nos (the rest
reports as NH3)
13 Fraction of Xeo
14 Fraction of Xhc

1

1

1

0.8
0.8

0.8
0.8

0.8
0.8

The different changes to default values in Table 3.9 are explained and listed below.
•

All biomass is converted to slowly biodegradable particulate materials (i.e. the
default value of 1 remained unchanged in process 1) (Hyungjun Joe, 2017)

•

The biomass converted does not increase the existing endogenous products fraction
in the WAS (i.e. the default value of 0.2 was changed to 0 in process 2) (Hyungjun
Joe, 2017)

•

A fraction of the endogenous products is converted to slowly biodegradable
particulate material (i.e. default value of 0 was changed to 0.47 in process 3)
(Hyungjun Joe, 2017)

•

Thermal hydrolysis pretreatment of endogenous products does not contribute to the
formation of unbiodegradable soluble COD (i.e. default value of 0.5 was changed
to 0 in process 4) (Hyungjun Joe, 2017)

•

Not all particulate and colloidal materials in the TWAS were converted to soluble
readily biodegradable materials (i.e. default value of 0.95 to 0.66 in process 6)
(Hyungjun Joe, 2017)

•

Only a small fraction of the soluble COD produced from THP is reduced to acetate
(i.e. default value of 0.5 was changed to 0.99 in process 9) (Li & Noike, 1992)

The solubilization efficiency of the THP of a mixture of TWAS and PS of 32% was adopted
from Haug et al. (1978), a value of 0.38 produced the same solubilization efficiency in the
model.

3.6.2.2

Anaerobic Digester

Calibrating the anaerobic digester was carried out through adopting and identifying
different first order hydrolysis rates for the raw and pretreated sludge mixture and WAS.
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The chosen first order hydrolysis rate for TWAS of 0.21 d-1 was adopted from Abubakar
et al. (2017). The same hydrolysis rate was reported by Vavilin et al. (2008). The hydrolysis
rate for thermally pretreated TWAS of 1.5 d-1 was adopted from Phothilangka et al. (2008).
Identifying the hydrolysis rates of the raw and pretreated mixture of TWAS and PS was
carried out through a series of simulations, using the models depicted in Figures 3.2 and
3.3. The results of which are reported and discussed in Chapter 5.

89

References
Abubakar, U. A., Ajibike, M. A., & Adie, D. B. (2017). Hydrolysis rates of domestic
wastewater sludge using biochemical methane potential tests. Nigerian Journal of
Technology, 36(4), 1315-1323.
Abu-Orf, M., & Goss, T. (2012). Comparing Thermal hydrolysis processes (CAMBI™ and
EXELYS™) for solids pretreatment prior to anaerobic digestion. Digestion, 16, 812.
Angelidaki, Irini & Alves, Madalena & Bolzonella, David & Borzacconi, Liliana &
Campos, José & Guwy, Alan & Kalyuzhnyi, Sergey & Jenicek, Pavel. (2009).
Defining the biomethane potential (BMP) of solid organic wastes and energy crops:
a proposed protocol for batch assays. Water science and technology, 59(5), 927934.
Baird, R., & Bridgewater, L. (2017). Standard methods for the examination of water and
wastewater. 23rd edition. Washington, D.C.: American Public Health Association.
Bolzonella, D., Battistoni, P., Susini, C., & Cecchi, F. (2006). Anaerobic codigestion of
waste activated sludge and OFMSW: the experiences of Viareggio and Treviso
plants (Italy). Water Science and Technology, 53(8), 203-211.
Bougrier, Claire & Delgenes, Jean & Carrere, Hélène. (2007). Impacts of thermal pretreatments on the semi-continuous anaerobic digestion of waste activated sludge.
Biochemical Engineering Journal, 34(1), 20-27.
Cabbai, Valentina, Maurizio Ballico, Eleonora Aneggi, and Daniele Goi. "BMP tests of
source selected OFMSW to evaluate anaerobic codigestion with sewage sludge."
Waste management 33, no. 7 (2013): 1626-1632.
Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. T., & Smith, F. (1956). Colorimetric
method for determination of sugars and related substances. Analytical chemistry,
28(3), 350-356.

90

Haug, R. T., Stuckey, D. C., Gossett, J. M., & McCarty, P. L. (1978). Effect of thermal
pretreatment on digestibility and dewaterability of organic sludges. Journal (Water
Pollution Control Federation), 73-85.
Holliger, Christof & Alves, Madalena & Andrade, Diana & Angelidaki, Irini & Astals,
Sergi & Baier, Urs & Bougrier, Claire & Buffière, Pierre & Carballa, Marta &
Wilde, Vinnie & Ebertseder, Florian & Fernández, Belén & Ficara, Elena & Fotidis,
Ioannis & Frigon, Jean-Claude & Fruteau, Helene & Ghasimi, Dara & Hack,
Gabrielle & Hartel, Mathias & Wierinck, I. (2016). Towards a standardization of
biomethane potential tests. Water Science and Technology, 74(11), 2515-2522.
Hyungjun Jo (2017). Comparison of the Impacts of Thermal Pretreatment on Waste
Activated Sludge using Aerobic and Anaerobic Digestion. UWSpace.
http://hdl.handle.net/10012/12298
Kim, M., Nakhla, G., & Keleman, M. (2019). Modeling the impact of food wastes on
wastewater treatment plants. Journal of environmental management, 237, 344-358.
Menniti, Adrienne & Rieger, Leiv & Boltz, Joshua & Johnson, Bruce & Daigger, Glen &
Habermacher, Jonathan & Derlon, Nicolas & Morgenroth, Eberhard. (2012).
Critical review on modeling of endogenous processes and the degradability of
endogenous decay products. Proceedings WWTmod.
Phothilangka, P., Schoen, M. A., Huber, M., Luchetta, P., Winkler, T., & Wett, B. (2008).
Prediction of thermal hydrolysis pretreatment on anaerobic digestion of waste
activated sludge. Water Science and Technology, 58(7), 1467-1473.
Tampio, E., Ervasti, S., Paavola, T., Heaven, S., Banks, C., & Rintala, J. (2014). Anaerobic
digestion of autoclaved and untreated food waste. Waste Management, 34(2), 370377.

91

Van Haandel, A., & Van Der Lubbe, J. (2007). Handbook biological waste water
treatment-design and optimisation of activated sludge systems. Webshop
Wastewater Handbook.
Vavilin, V. A., Fernandez, B., Palatsi, J., & Flotats, X. (2008). Hydrolysis kinetics in
anaerobic degradation of particulate organic material: an overview. Waste
management, 28(6), 939-951.

92

Chapter 4
4

Experimental Results and Discussion

4.1

Thickened Waste Activated Sludge Characteristics

The characteristics of the raw and pretreated thickened waste activated sludge (TWAS) are
reported in Table 4.1. The pCOD/VSS ratio of the TWAS of 1.6 was unchanged with THP.
THP influenced the solubilization of COD and VSS at all temperatures. Additional
solubilization of proteins, carbohydrates, and phosphorus components was achieved at 150
˚C and 170 ˚C. However, at the higher temperatures, a decline in the soluble fraction was
exhibited.
Table 4.1. Characteristics of TWAS before and after pretreatment (Phase I)
Parameter
TS (mg/L)
VS (mg/L)
TSS (mg/L)
VSS (mg/L)
TCOD (mg/L)
sCOD (mg/L)
TN (mg/L)
sN (mg/L)
NH4-N (mg/L)
TP (mg/L)
sP (mg/L)
TVFAs (mg/L)
T Proteins (mg/L)
s Proteins (mg/L)
T Carbohydrates (mg/L)
s Carbohydrates (mg/L)
Viscosity (cP)
*

Raw TWAS
150 ˚C
39000 ± 1410* 40400 ± 849
28300 ± 990
28400 ± 566
35900 ± 424 28300 ± 2120
26800 ± 283 18600 ± 1410
42400 ± 847 42300 ± 2340
1440 ± 4
11300 ± 403
2817 ± 117
2670 ± 50
175 ± 5
1260 ± 40
99 ± 3
175 ± 7

Temperature
170 ˚C
38800 ± 283
27500 ± 141
24400 ± 283
14800 ± 283
45200 ± 871
16300 ± 40
2840 ± 160
1610 ± 10
289 ± 3

190 ˚C
210 ˚C
33500 ± 990 34800 ± 283
23900 ± 707 23900 ± 141
18600 ± 283 18500 ± 424
10500 ± 141 10300 ± 141
41000 ± 726 43100 ±1860
20000 ± 565 22400 ± 524
3020
2330 ±50
1900 ± 20
1660 ±40
441 ± 11
603 ± 7

963 ± 12
2

949 ± 9
84

919 ± 23
92 ± 2

840 ± 15
82 ± 1

747 ± 11
55

377 ± 18
3050 ± 350
107 ± 63
8840 ± 210
200 ± 17
259

1300 ± 205
2310 ± 136
178 ± 62
8730 ± 718
1230 ± 97
44

1470 ± 20
2090 ± 77
761 ± 131
8620 ± 500
1790 ± 62
13

2330 ± 110
1870 ± 94
553 ± 136
7970 ± 391
1550 ± 17
4

3850 ± 15
1200 ±194
120 ± 54
3670 ± 421
677 ± 34
2

value represents the average ± the difference between duplicates

The concentration of total (TSS) and volatile suspended solids (VSS) decreased as the THP
temperature increased, resulting in a VSS reduction of 31%, 45%, 61%, and 62% at 150,
170, 190, and 210 ˚C respectively, with the solubilization of COD and VSS showing a
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strong linear correlation (R2 = 0.998) depicted in Figure C.1. The solubilization efficiencies
in this study are lower compared to results in other studies. The highest solubilization
efficiency was 62% at 210 ˚C, which was achieved by Li & Noike, (1992) at 170 ˚C. Kakar
et al. (2019a) achieved a solubilization efficiency of 27% at 150 ˚C, close to the 31%
achieved in this study. The solubilization efficiency of 45% matched the 46% of Bougrier
et al. (2007) at 190 ˚C. The solubilization efficiencies of the different TWAS constituents
are summarized in Table 4.2.
Table 4.2. Solubilization efficiencies of the different constituents of TWAS
Parameter
COD
N
P
Proteins
Carbohydrates

150 ˚C
24
41
9
2
12

Solubilization Efficiency (%)
170 ˚C
190 ˚C
36
45
54
65
9
8
22
15
18
16

210 ˚C
51
56
6
–
6

The total concentration of proteins declined slightly at 150 ˚C and 170 ˚C to 2033 and 2001
mg L-1 respectively, however, the concentration declined sharply at 190 ˚C and 210 ˚C to
less than half the initial value to 1416 and 1253 mg L-1 respectively. The same trend was
observed by Wilson & Novak (2009) after applying THP to bovine serum albumin (BSA),
as the concentration of proteins declined slightly at temperatures of 150 ˚C and 170 ˚C;
further increase in the temperature was accompanied with a sharp decline in the total
concentration of proteins, with a 30% loss beyond 220 ˚C. In this study 60% of the total
proteins were lost at 210 ˚C, double the loss reported by Wilson & Novak (2009), however,
the presence of carbohydrates in the case of TWAS may have been the trigger to greater
loss due to the occurrence of the Maillard reaction, a reaction between amino groups and
reducing sugars at elevated temperatures (Zhang et al., 2020). The impact of THP on
carbohydrates did not follow the same trend of proteins. On the contrary to proteins, the
total carbohydrates concentration remained the same, with an increase in the soluble
concentrations from 200 to 1233, 1793, and 1547 mg L-1 at 150, 170, and 190 ˚C
respectively. The same trend was observed by Xue el. (2015) demonstrating an increase in
the soluble fraction of carbohydrates below 170 ˚C, beyond which the concentration of
soluble carbohydrates decreased. The same results were obtained by Ding et al. (2017) who
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observed an increase in the concentration of soluble carbohydrates at temperatures below
180 ˚C while maintaining the same total concentration, beyond which the total and soluble
carbohydrates concentrations dropped by 58%. At 210 ˚C, total and soluble carbohydrates
concentrations decreased to 3671 mg L-1 and 677 mg L-1 respectively. The trend in
carbohydrates resembled that of phosphorus, as not only the soluble fraction but also the
total phosphorus concentration decreased at 190 ˚C and 210 ˚C. The decrease in the
concentrations of proteins and carbohydrates has been associated with the formation of
humic and fulvic acid like substances, melanoidins, and caramelization (Svennevik et al.,
2020; Zhang et al., 2020; Barber 2016; Carrere et al., 2008; Pinnekamp 1989). The
formation of these compounds seems to be more dependant on proteins than carbohydrates
as a decrease in the total concentration of proteins was observed starting from 150 ˚C,
which only affected carbohydrates at 190 ˚C and 210 ˚C decreasing the total concentrations
by 10% and 58% respectively. The solubilization of proteins and carbohydrates was neither
correlated to the COD solubilization, nor to VSS reduction.
The increase in the concentration of soluble nitrogen was directly proportionate to the
increase in temperature except at 210 ˚C, a decrease in the soluble fraction was observed
associated with a decrease in total nitrogen too, however, the solubilization of nitrogen and
VSS could be correlated showing a strong linear correlation (R2 = 0.983) depicted in Figure
C.4. The increase in the THP temperature beyond 190 ˚C is associated with the formation
of high carbon hydrochars, causing the decrease in the phosphorus concentrations through
phosphate immobilization into with Fe, Mg, Ca, and Al (Han et al., 2019; Ding et al., 2017).
The decrease in the total phosphorus concentrations is attributed to analytical limitations.
Figure 4.1 depicts the difference between a completely digested sample (to the left) and
another (to the right) with the solids settling at the bottom of the vial indicating failure in
digestion.
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Figure 4.1. The difference between a completely and incompletely digested sample
The viscosity of the raw TWAS decreased sharply with the increase in temperature from
259 to 44 cP at 150 ˚C; the increase in temperature was accompanied with a decrease in
viscosity to 13, 4, and 2 cP at 170, 190, and 210 ˚C respectively. The same results were
obtained by Feng et al. (2015) observing a 92% decrease (i.e. from 294 to 21.6 cP) in the
viscosity of TWAS at 120 ˚C, as the temperature increased to 210 ˚C the viscosity declined
approaching 2 cP. Additionally, Xue et al. (2015) observed a decrease in viscosity down to
5.8 cP and 1.4 cP at 160 ˚C and 180 ˚C.
The increase in temperature was accompanied with an increase in the concentration of
VFAs peaking at 3845 mg L-1 at 210 ˚C. The increase in VFAs was also observed by Li &
Noike (1992) producing 1230 mg L-1 at 150 ˚C, increasing to 1470 mg L-1 at 170 ˚C, and
to 2330 mg L-1 at 190 ˚C. The increase in the concentration of VFAs is a result of the
hydrolysis of proteins to peptides and individual amino acids, which in turn are degraded
to VFAs and the hydrolysis of unsaturated fatty acids produced from the hydrolysis of
lipids (Wilson & Novak, 2009).
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The contributions of soluble proteins, soluble carbohydrates, and VFAs to the soluble
COD in the raw and pretreated TWAS samples are summarized in Table 4.3.
Table 4.3. Contributions of the different soluble fractions to soluble COD of TWAS
Parameter
1

s Proteins (mg COD/L)
s Carbohydrates2 (mg COD/L)
TVFAs3 (mg COD/L)
∑
% of sCOD

Raw TWAS
161
214
407
782
54

Temperature
150 ˚C 170 ˚C
267
1142
1319
1919
1399
1588
2985
4648
26
29

190 ˚C
830
1655
2516
5001
25

210 ˚C
180
724
4153
5057
23

1

Based on 1.5 g COD/g protein
Based on 1.07 g COD/g carbohydrate
3
Based on 1.08 g COD/g acetate
2

Soluble proteins, carbohydrates, and VFAs are readily biodegradable materials that could
be used as a supplemental carbon source in biological nutrient removal (BNR) systems
especially for post-anoxic denitrification systems (Metcalf & Eddy, 2014). The identified
readily biodegradable fractions comprised up to 29% of the soluble COD at 170 ˚C.
Utilization of the supernatant of THP as an external carbon source could be possible,
however, the feasibility of which was not studied.

4.2

Food Waste Characteristics

The characteristics of the raw and pretreated food waste (FW) are reported in Table 4.4.
On the contrary to the impact of THP on TWAS, the increase in temperature did not
influence the solubilization of COD and VSS reduction.
Table 4.4. Characteristics of food waste before and after pretreatment (Phase II)
Parameter
TS (mg/L)
VS (mg/L)
TSS (mg/L)
VSS (mg/L)
TCOD (mg/L)
sCOD (mg/L)

Raw FW
124800 ± 283*
111600 ± 849
78800
75500 ± 424
261000 ± 7920
95800 ± 2550

150 ˚C
116900 ± 4380
104700 ± 3820
54900 ± 2690
52700 ± 2690
261000 ± 7070
104000 ± 4240

Temperature
170 ˚C
190 ˚C
210 ˚C
109900 ± 141 110700 ± 1273
97500 ± 141
98100 ± 424
98100 ± 990
85800 ± 283
47800 ± 1130
55800 ± 566
50600 ± 849
45900 ± 990
53000 ± 566
48300 ± 1270
263000 ± 8770 265000 ± 3340 255000 ± 14990
102000 ± 1410 108000 ± 1980 102000 ± 4240
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TN (mg/L)
sN (mg/L)
NH4-N (mg/L)
TP (mg/L)
sP (mg/L)
TVFAs (mg/L)
T Proteins (mg/L)
s Proteins (mg/L)
T Carbohydrates (mg/L)
s Carbohydrates (mg/L)
Viscosity (cP)
*

4540 ± 85
1650 ± 85
430 ± 14

4500 ± 141
3140 ± 255
532

4460 ± 28
3200 ± 113
636 ± 34

4700 ± 141
3180 ± 198
686 ± 25

4380 ± 311
3320 ± 113
734 ± 42

1820 ± 119
546 ± 19
13300 ± 396
2890 ± 248
106 ± 9
15400 ± 344
4900 ± 115
670

1600 ± 14
575 ± 13
14500 ± 226
2030 ± 103
326 ± 4
14900 ± 333
5840 ± 85
270

1600 ± 11
532 ± 26
14700 ± 594
2000 ± 123
269 ± 8
16000 ± 170
6950 ± 262
240

1590 ± 35
500 ± 3
14800 ± 283
1420 ± 131
254 ± 15
15800 ± 96
6400 ± 9
220

1390 ± 52
469 ± 21
15900 ± 368
1250 ± 77
207 ± 11
9370 ± 133
4280 ± 119
45

value represents the average ± the difference between duplicates

The increase in the soluble COD concentrations ranged from 6 to 12.4 g L-1, with
solubilization efficiencies ranging from 3.3% to 7.5%. Reduction in VSS followed the
same trend decreasing by a lowest of 22.8 g L-1 and a peak of 29.6 g L-1 resonating with
the findings of Qi et al. (2019) who observed a slight increase in the soluble COD
concentration from 103 to 112 g L-1 (i.e. 8.4%) at temperatures of 100, 120, 140, and 160
˚C. The discrepancy between the increase in soluble COD and reduction in VSS is due to
the underestimation of gravimetric measurements (i.e. TS, VS, TSS, VSS). Highly volatile
substrates such as FW can be lost during TS determination at 105 ˚C (Angelidaki et al.,
2009), especially considering the inert dissolved and suspended solids were conserved in
the raw and pretreated samples. Additionally, during the drying of the samples,
caramelization was observed accompanied with a distinct scent. The pCOD/VSS ratio of
the FW was unchanged with THP remaining at an average of 2.8, which is relatively higher
than the 1.6 in the previous phase. The solubilization of COD and VSS reduction did not
show a good correlation due to the loss of VSS. The solubilization efficiencies of the
different constituents of FW are summarized in Table 4.5.
Table 4.5. Solubilization efficiencies of the different constituents of FW
Parameter
COD
N
P
Proteins

150 ˚C
5
52
2
8

Solubilization Efficiency (%)
170 ˚C
190 ˚C
4
7
54
53
–
–
6
5

210 ˚C
4
58
–
–
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Carbohydrates

9

19

–

14

The change in soluble nitrogen and phosphorus concentrations remained constant at all
temperatures except at 210 ˚C, a decrease in the soluble phosphorus concentration was
observed similarly to that of TWAS.
The impact of THP on proteins and carbohydrates resembled that of TWAS with a slight
decrease in proteins at 150 ˚C and 170 ˚C, beyond which proteins decreased by 57% and
carbohydrates decreased by 40%; moreover, carbohydrates were not affected by the
increase in temperature except at 210 ˚C. No correlation between the change in soluble
COD with the change in proteins and carbohydrates could be established.
The viscosity of the raw FW decreased with the increase in temperature from 670 cP to
270, 240, 220, and 45 cP at temperatures of 150, 170, 190, and 210 ˚C respectively. The
decrease in viscosity resembles the findings of Kakar et al. (2019b) who observed a
decrease in the viscosity of SSO to 45 cP at 220 ˚C.
The increase in the concentrations of VFAs was less pronounced with FW than TWAS
exhibiting the highest increase of 20% at 210 ˚C compared to the 920% in the case of
TWAS. The increase in VFAs in both TWAS and FW did not show a good correlation with
either COD solubilization or with VSS reduction, since the increase in VFAs is reliant of
the reduction of LCFAs produced from lipids which were not measured in this study, and
the reduction of amino acids, hence it could not be explained mechanistically.
The contributions of soluble proteins, soluble carbohydrates, and VFAs to soluble COD
in the raw and pretreated FW samples are summarized in Table 4.6.
Table 4.6. Contributions of the different soluble fractions to soluble COD of FW
Parameter
s Proteins1 (mg COD/L)
s
Carbohydrates2
(mg
COD/L)
TVFAs3 (mg COD/L)
∑
% of sCOD

Raw TWAS
159

150 ˚C
489

5244

6250

14386
19789
21

15638
22377
22

Temperature
170 ˚C
404

190 ˚C
381

210 ˚C
30

7438

6852

4581

15876
23717
24

15984
23217
21

17215
21826
21
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1

Based on 1.5 g COD/g protein
Based on 1.07 g COD/g carbohydrate
3
Based on 1.08 g COD/g acetate
2

The biodegradable soluble fractions that could be quantified (i.e. proteins, carbohydrates,
and VFAS) remained almost constant with THP which is explained by the lack of
solubilization observed with FW compared to TWAS.

4.3

Mixtures Characteristics

The characteristics of the raw and pretreated TWAS and FW mixtures at 90:10, 70:30, and
50:50 volumetric ratios are reported in Tables 4.7–4.9. In the same manner of pretreatment
of TWAS and FW solely, the mixture of both exhibited the same characteristic changes.
Solubilization was more pronounced in the pretreatment of TWAS reaching a highest of
62% compared to the 7.5% of FW. The impact of THP on the solubilization of the mixtures
decreased with the addition of FW. The highest COD solubilization efficiency in all
mixtures was at 210 ˚C, corresponding to 56%, 38%, and 35% at mixing ratios of 90:10,
70:30, and 50:50 respectively. In the 90:10, solubilization and deamination of nitrogen was
influenced by the increase in temperature, as evidenced by the increase in soluble nitrogen
and ammonia to 960, 1820, 2320, and 2380 mg L-1 and 386, 422, 524, and 685 mg L-1
respectively, at 150, 170, 190, and 210 ˚C. The concentration of soluble phosphorus
decreased by pretreatment from 150 ˚C in the 90:10 mixture to a nondetectable level at 210
˚C. The increase in VFAs resembled that of TWAS but to a lesser extent increasing fourfold
from 1528 mg L-1 in the raw sample to 4820, 4925, 5700 and 6020 mg L-1 at 150, 170, 190,
and 210 ˚C respectively.
Table 4.7. Changes in the characteristics of the 90:10 mixture after pretreatment
(Phase III)
Parameter
TS (mg/L)
VS (mg/L)

Raw 90:10
36100 ±
1560*
26500 ± 990

Temperature
170 ˚C
38700 ±
424
31000 ± 566
29200 ±
283
150 ˚C
40700 ± 707

190 ˚C
36100 ±
2690
27200 ±
2260

210 ˚C
29900 ± 707
21600 ± 283

100

*

TSS (mg/L)

27700 ± 424

27600 ± 283

18200 ± 566

16700 ± 707

12100 ± 424

11000

2120 ± 57
960 ± 57
386 ± 14

24100 ±
707
17400 ±
566
61400 ±
798
34000 ±
141
2340 ± 85
1820 ± 28
422 ± 14

VSS (mg/L)

21100 ± 141

20400 ± 283

TCOD (mg/L)

60200 ± 2620

sCOD (mg/L)

10500

57300 ±
1780
28900 ± 636

57700 ±
3820
38800 ±
1770
2440 ± 113
2320 ± 113
524 ± 6

60100 ±
1560
38400 ±
1130
2260 ± 141
2380 ± 28
660

TN (mg/L)
sN (mg/L)
NH4-N (mg/L)

2520 ± 113
310
59 ±2

TP (mg/L)
sP (mg/L)
TVFAs
(mg/L)

967 ± 81
50
1530 ± 35

1005 ± 43
19 ±1
4820 ± 127

949 ± 67
16
4930 ± 21

772 ± 15
8 ±1
5700 ± 28

685 ± 8
–
6020 ± 14

value represents the average ± the difference between duplicates

In the 70:30 mixture, solubilization efficiencies of COD of 13%, 12%, 25%, and 26% at
150, 170, 190, and 210 ˚C respectively, decreased with the increase in the volume of FW.
The lower solubilization efficiencies are due to the increase in the volume of FW, and
fermentation occurring in the mixture increasing the soluble COD concentration from its
estimated value of 26654 mg L-1 based on the volumetric contribution of both substrates.
Table 4.8. Changes in the characteristics of the 70:30 mixture after pretreatment
(Phase III)
Parameter
TS (mg/L)
VS (mg/L)
TSS (mg/L)
VSS (mg/L)
TCOD (mg/L)
sCOD (mg/L)
TN (mg/L)
sN (mg/L)
NH4-N (mg/L)
TP (mg/L)
sP (mg/L)
TVFAs (mg/L)
*

Temperature
Raw 70:30
150 ˚C
170 ˚C
190 ˚C
59300 ± 3820*
61300 ± 990
55500 ± 1840
53900 ± 707
47900 ± 3540
49000 ± 849
44500 ± 1560
43900 ± 424
47700 ± 2970 38300 ± 1270 38000 ± 1410
27300 ± 141
41700 ± 2400 32800 ± 1130
32500 ±1270
22600 ± 283
109000 ± 8200 107000 ± 4160 112000 ± 6420 104000 ±8140
40200 ± 990
48800 ± 141
48193 ± 1370 57350 ± 1630
3260 ± 28
3000 ± 283
3320 ± 170
3260 ± 255
1240
1840 ± 57
2200 ± 57
2480 ± 57
125 ± 4
344 ± 6
418 ± 14
638 ± 3
1160 ± 46
230 ± 1
6830 ± 127

1390 ± 17
198 ± 1
6940 ± 106

1160 ± 12
99
7730 ± 205

value represents the average ± the difference between duplicates

714 ± 7
41 ± 3
8690 ± 134

210 ˚C
49100 ± 3250
40000 ± 2830
25300 ± 2970
20400 ± 2260
96500 ±4180
58000 ± 283
3160 ± 283
2780 ± 85
838 ± 3
725 ± 3
25 ± 6
9400 ± 205
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The solubilization of nitrogen was more pronounced by the increase in temperature, as
evidenced by soluble nitrogen concentrations of 1840, 2200, 2480, and 2780 mg L-1 at 150,
170, 190, and 210 ˚C respectively. Soluble phosphorus concentrations decreased with
pretreatment as in the 90:10 mixture due to analytical limitations. The increase in VFAs
was less pronounced with the increase of the FW volume to 30% from 6830 mg L-1 in the
raw sample to 6935, 7725, 8685 and 9395 mg L-1 at 150, 170, 190, and 210 ˚C respectively.
The increase in the FW volume to 50% decreased the solubilization of COD to a maximum
of 20% at 210 ˚C, however, the solubilization of nitrogen increased (i.e. the soluble fraction
increased) from 41% to 61%, 66%, 76% and 88% at 150, 170, 190, and 210 ˚C respectively.
The average soluble COD and nitrogen concentrations based on the initial analysis of the
raw TWAS, and FW should have been 42883 mg L-1 and 990 mg L-1, indicating that
fermentation occurred in the mixture before it was thermally pretreated. By calculating the
contribution of the total and soluble nitrogen from TWAS and FW, and the increase in
soluble fractions of the individual feedstocks, the soluble nitrogen concentration at 210 ˚C
should be ≈ 2457 mg L-1 which is 323 mg L-1 lower than the measured value.
Table 4.9. Changes in the characteristics of the 50:50 mixture after pretreatment
(Phase III)
Parameter
TS (mg/L)
VS (mg/L)
TSS (mg/L)
VSS (mg/L)
TCOD (mg/L)
sCOD (mg/L)
TN (mg/L)
sN (mg/L)
NH4-N (mg/L)
TP (mg/L)
sP (mg/L)
TVFAs (mg/L)
*

Raw 50:50
150 ˚C
*
73600 ± 4240
81700 ± 2690
61500 ± 4670 69800 ± 2830
58500 ± 1410 47600 ± 3960
53300 ± 1270 44100 ± 3820
147000 ± 283 150000 ± 4100
61800 ± 900
74600 ± 1900
3700 ± 141
3420 ± 28
1500
1940 ± 85
187 ± 5
380 ± 6
1400 ± 7
304 ± 9
10600 ± 78

1300 ± 135
265 ± 18
10600 ± 205

Temperature
170 ˚C
190 ˚C
210 ˚C
76800 ± 566 70900 ± 2120 66800 ± 4800
64900 ± 707 59500 ± 1820 55500 ± 4100
42100 ± 2400 35400 ± 1130
27600 ± 283
36800 ± 2550 30700 ± 707
23800 ± 283
138000 ± 832 138000 ± 1720 143000 ± 4100
77100 ± 1770 81700 ± 849
79200 ± 1270
3600 ± 113
3680 ± 226
3480
2340 ± 311
2840 ± 57
3040 ± 57
466 ± 8
666 ± 14
860 ± 6
1170 ± 39
173 ± 4
10500 ± 99

value represents the average ± the difference between duplicates

991 ± 92
162 ± 1
12300 ± 127

588 ± 9
104 ± 3
12600 ± 198
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Soluble phosphorus concentrations decreased by pretreatment as in the other mixtures
associated with a decrease in the total phosphorus concentration as the temperature
increased. The concentration of VFAs increased from 10555 mg L-1 to 10625 mg L-1 at 150
˚C. Further increase in the temperature influenced an 19% increase, with VFAs peaking at
12590 mg L-1 at 210 ˚C.
Overall, the solubilization of COD decreased with the increase in the volume of FW,
contrary to the solubilization of nitrogen. The increase in temperature did not influence
phosphorus solubilization, conversely, the concentration of soluble phosphorus decreased
with pretreatment. The increase in the VFAs concentration decreased with the addition of
FW resonating with the results obtained from the pretreatment of FW solely.

4.4

Particle Size Distribution

As demonstrated by Aldin et al. (2011) the first order hydrolysis rate coefficient increased
from 0.034 to 0.298 d-1 as the mean particle size decreased from > 500 to < 50 µm for
casein protein particles. The particle size distribution (PSD) of the raw and pretreated
TWAS is depicted in Figure 4.2. The volumetric weighted mean particle size of the raw
TWAS decreased from 167 µm to 106, 96, 57, and 42 µm at 150, 170, 190, and 210 ˚C
respectively. The surface area weighted mean particle size of the raw TWAS decreased
from 36 µm to 24, 25, 13, and 9 µm at 150, 170, 190, and 210 ˚C respectively. The largest
particle size in the raw and pretreated samples at 150, 170, 190, and 210 ˚C was 631, 417,
955, 209, and 158 µm respectively. The largest particle size decreased as the temperature
increased except for the sample pretreated at 170 ˚C, however, the particle sizes larger than
that of the samples pretreated at 150 ˚C (i.e. 417 µm) represented only 2% of the total
volume.
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Figure 4.2. Particle size distribution of raw and thermally pretreated TWAS
The PSD of raw and pretreated FW is depicted in Figure 4.3. The PSD of the raw FW was
bimodal, with two peaks at 20 µm and 275 µm. Similarly, the PSD of pretreated FW at 150
˚C formed two peaks at 91 µm and 240 µm. The PSD of samples pretreated at 170 ˚C
constituted a single peak at 91 µm, while samples pretreated at 190 ˚C and 210 ˚C had the
same peak particle size of 79 µm. The volumetric weighted mean particle size of FW
increased with pretreatment from 106 µm to 111, 153, 109, and 114 µm at 150, 170, 190,
and 210 ˚C respectively. The surface area weighted mean particle size of the raw FW
increased from 27 µm to 28, 44, 33, and 35 µm at 150, 170, 190, and 210 ˚C respectively.
The largest particle size in the raw and pretreated FW at 150 ˚C was 478 µm. The largest
particle size in the samples pretreated at 170, 190, and 210 ˚C was 955, 831, and 1096 µm,
nevertheless, the particle sizes larger than that of the samples pretreated at 150 ˚C (i.e. 478
µm) represented only 7.5%, 4% and 3.9% of the total volume at 170, 190, and 210 ˚C
respectively.
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Figure 4.3. Particle size distribution of raw and thermally pretreated FW

4.5

Methane Production, Yields, and Biodegradability

Biochemical methane potential (BMP) tests were used to assess the anaerobic
biodegradability of the co-digestion of raw and pretreated feedstocks and their mixtures.
All reported methane volumes are at 37 ˚C. Methane yields were calculated by dividing
the volume of methane produced by the COD of the substrate added which was maintained
at 3 g in all BMPs. Biodegradability was calculated by dividing the calculated methane
yields by the theoretical methane yield of 0.397 mLCH4 g-1COD at 37 ˚C. The differences in
the cumulative methane production curves in all BMPs were < 10% of the average,
emphasizing the reproducibility of the data; hence, error bars are not shown. Blanks
containing the inoculum solely were not used since residual methane was depleted during
the seven-day incubation period before the substrates were added.
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4.5.1 Phase I
Table 4.10 encompasses methane yields (Y), cumulative methane volumes produced, and
the biodegradability (Bo) of the different mixtures at different temperatures.
Table 4.10. Methane volumes, yields, and biodegradability of the co-digestion of raw
and pretreated TWAS with FW
Mixtures
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS
TWAS
TWAS
TWAS
TWAS
FW
1
2

Mixing
ratio
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
–
–
–
–
–
–

Pretreated
substrate
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
–
–
–
TWAS
TWAS
TWAS
TWAS
–
–

Temperature
(˚C)
150
150
150
170
170
170
190
190
190
210
210
210
–
–
–
150
170
190
210
–
–

Cum. CH4
(mL)
851
1000
1106
935
1032
1112
892
946
1017
697
834
1002
735
903
951
701
751
720
644
637
1093

Y1 (L g-1 COD) Bo2 (%)
0.28
0.33
0.37
0.31
0.34
0.37
0.30
0.32
0.34
0.23
0.28
0.33
0.25
0.3
0.32
0.23
0.25
0.24
0.21
0.21
0.36

71
84
93
78
87
93
75
79
85
58
70
84
62
76
80
59
63
60
54
53
92

Methane yield = methane volume (mL) / mass of COD added (g)
Biodegradability = methane yield (L g-1COD) / theoretical methane yield (0.397 L g-1COD)

The highest cumulative methane produced was 701 mL and 751 mL from samples
pretreated at 150 ˚C and 170 ˚C respectively. The elevation of the temperature to 190 ˚C
and 210 ˚C detrimentally impacted methane production to 720 mL and 644 mL
respectively, which is almost equal to that of raw TWAS of 637 mL. Pretreatment at 170
˚C increased methane production and yield by 18% consistent with the finding of Xue et
al. (2015) who observed a 17% increase in the methane yield at 160 ˚C. The observed
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increase in the methane yield of TWAS with THP is lower compared to the literature. For
instance, Carrere et al. (2008) reported a 78% increase in the methane yield with THP at
170 ˚C; additionally, Phothilangka et al. (2008) reported an 80% increase in the methane
yield with THP at 180 ˚C. However, in both cases the biodegradability of the raw TWAS
was 32% and 23% respectively. The biodegradability of the TWAS used in this study was
50%, which is 56% and 117% higher than the aforementioned studies. The TWAS being
fairly more biodegradable, decreases the enhanced biodegradability due to THP
application.
The temperature range between 180–190 ˚C seems to be the threshold to adversity in
anerobic digestion. Xue et al. (2015) reported a slight decrease in biogas production at 180
˚C. Additionally, Bougrier et al. (2007) demonstrated that despite the increase in the
methane yield of pretreated TWAS by 25% at 190 ˚C which was lower compared to the
samples pretreated at 170 ˚C, owing to the production of soluble refractory compounds.
Razavi et al. (2021) reported methane yields at temperatures above 190 ˚C (i.e. 220, 220,
and 240 ˚C) dropped below that of raw TWAS. The 92% anaerobic biodegradability of FW
was the highest of the feedstocks tested. The increased solubilization of both COD and
VSS could not be correlated to biodegradability. Solubilization and biodegradability could
only be correlated at temperatures lower than 190 ˚C. These findings are consistent with
the findings of Carrere et al. (2008), Fdz-Polanco et al. (2008), and Bougrier et al. (2008).
The 50:50 mixture produced the highest cumulative methane, of 1106 mL and 1112 mL at
150 ˚C and 170 ˚C. At the same mixing ratio, samples pretreated at 190 ˚C and 210 ˚C
produced 1017 mL and 1002 mL, higher than the 951 mL of the raw mixture, owing to the
relatively high biodegradability of the FW contributing to 84% of the added COD at a 50%
volumetric ratio, with an overall improvement in the methane yield by 17% at 170 ˚C.
Results obtained from the 70:30 mixture resembled those of the 50:50 where pretreatment
at 150 ˚C and 170 ˚C produced the highest methane volumes of 1000 and 1032 mL
respectively, decreasing to 946 mL at 190 ˚C, yet higher than the raw mixture which
produced 843 mL, opposed to the sample pretreated at 210 ˚C dropping below the raw
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sample producing 834 mL. The improvement in methane production was higher than that
of the 50:50 mixture reaching 22%.
The highest improvement in methane production was associated with the 90:10 mixture,
generating 851, 935, 892, and 697 mL of methane at temperatures of 150, 170, 190, and
210 ˚C respectively, while the raw mixture produced 735 mL. The highest methane yield
was from the sample pretreated at 170 ˚C, producing 27% more methane than the raw
sample. Pretreatment at 210 ˚C dropped the methane yield below that of the raw sample
like the 70:30 mixture. Improvements in the methane yields were inversely proportional to
the biodegradability of the mixture. As the volume of FW increased the methane yields of
the raw mixtures approached the same value of the mixtures with the pretreated TWAS,
hence the largest improvement in methane yields was in the 90:10 mixture. Although
improvements in methane yields between the mixtures containing pretreated TWAS and
raw TWAS were most pronounced in the 90:10 mixture. However, the increase in methane
yields by co-digestion compared to the mono-digestion of thermally pretreated TWAS
were highest in the 50:50 mixture. Methane production from co-digestion was improved in
all mixtures at all pretreatment temperatures compared to the mono-digestion of raw and
pretreated TWAS. Co-digestion of pretreated TWAS at a 50:50 ratio produced 57% and
48% higher methane yields at 150 ˚C and 170 ˚C respectively compared to mono-digestion.

4.5.2 Phase II
Table 4.11 summarizes the methane yields, cumulative methane volumes produced, and
the biodegradability of the different mixtures at different temperatures.
Table 4.11. Methane volumes, yields, and biodegradability of the co-digestion of raw
and pretreated FW with TWAS
Mixtures

TWAS + FW
TWAS + FW

Mixing Pretreated Temperature
ratio
substrate
(˚C)
90:10
70:30

FW
FW

150
150

Cum.
CH4
(mL)
699
792

Y1 (L g-1 COD)

Bo2 (%)

0.24
0.27

60
68
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TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
FW
FW
FW
FW
FW
TWAS
1
2

50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
–
–
–
–
–
–

FW
FW
FW
FW
FW
FW
FW
FW
FW
FW
–
–
–

150
170
170
170
190
190
190
210
210
210
–
–
–

FW
FW
FW
FW
–

150
170
190
210
–

902
696
762
821
644
688
754
626
644
715
611
680
786
756
807
753
665
641
422

0.31
0.24
0.26
0.28
0.22
0.24
0.26
0.21
0.22
0.25
0.21
0.23
0.27
0.28
0.26
0.23
0.22
0.26
0.14

78
60
66
71
55
59
65
54
55
62
53
59
68
70
65
57
55
65
36

Methane yield = methane volume (mL) / mass of COD added (g)
Biodegradability = methane yield (L g-1COD) / theoretical methane yield (0.397 L g-1COD)

The biodegradability of the FW in the second phase was relatively lower at 65% compared
to the 92% achieved in the first one. Additionally, the biodegradability of the raw TWAS
decreased to 35% compared to 50% biodegradability in the previous phase. Although, the
inoculum and the substrates were collected from the same facilities in all phases, each
phase was carried out using a different batch. The inoculum in this phase exhibited low
methanogenic activity, considering the yields of the raw TWAS and FW both decreased
equally by 30%.
Pretreated samples generated 807, 753, 665, 641 mL of methane at 150, 170, 190, and 210
˚C with the raw FW producing 756 mL. In the case of TWAS, although a decrease in
methane yields were observed at 190 ˚C compared to 170 ˚C, dropping below that of the
raw samples at 210 ˚C. The threshold to adversity in the anaerobic biodegradability of
pretreated FW seems to be between 150–170 ˚C. In the case of FW, solubilization of COD
remained unchanged with the increase in temperature. Solubilization could not be
correlated with biodegradability like TWAS, however, the biodegradability of FW only
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increased with THP at 150 ˚C. At 170 ˚C the biodegradability was equal to that of the raw
FW and decreased by 12% and 15% at 190 ˚C and 210 ˚C respectively, corroborating that
biodegradability is not a function of solubilization, neither with TWAS nor FW.
The optimum temperature of 150 ˚C of this study agrees with the findings of Ding et al.
(2017) who concluded that the optimal FW pretreatment temperature in the 140–210 ˚C
range was 140 ˚C, which affected a 27% increase in the hydrogen yield, and a 32% increase
in the methane yield relative to the raw untreated. An 11% decrease in the methane yield
was also reported by Tampio et al. (2014) after applying THP to FW at 165 ˚C. The
intensification of pretreatment was also associated with change in colour associated with a
molasses like smell which increased as the temperature increased. Tampio et al. (2014)
reported an increase in the darkness of the colour of autoclaved FW associated by a pleasant
caramel smell. The change in colour was also reported by Ariunbaatar et al. (2014) and Liu
et al. (2012). The browning in colour has been associated with the formation of
melanoidins, and caramelization (Svennevik et al., 2020; Zhang et al., 2020; Pinnekamp
1989). Like the previous phase, the 50:50 mixture generated the highest cumulative
methane volumes followed by the 70:30 and the 90:10 mixtures respectively. Methane
produced from the 50:50 mixtures fluctuated above and below that of the raw mixture,
generating 902, 821, 754, and 715 mL at 150, 170, 190, and 210 ˚C respectively with the
raw sample producing 786 mL. Co-digestion and pretreatment at 150 ˚C improved the
methane yield by 15% compared to the 6% increase in the mono-digestion of pretreated
FW at 150 ˚C.
Cumulative methane volumes produced from the 70:30 mixture was 792, 762, 688, and
644 mL at 150, 170, 190, and 210 ˚C respectively with the raw sample producing 680 mL.
As the volume of the FW decreased from 50% to 30%, only the yield of the sample
pretreated at 210 ˚C dropped below that of the raw mixture with sample pretreated at 190
˚C producing almost the same volume. The sample pretreated at 150 ˚C produced 16%
more methane than the raw mixture. The mixture of pretreated FW at 150 ˚C at a 90:10
ratio produced 699 mL of methane with an increase of 14% over the raw mixture producing
611 mL. Improvements in the methane yields from the pretreatment of FW ranged from
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14% to 16%, inferior to the improvements obtained from the pretreatment of TWAS which
ranged from 17% to 27%, corroborating that thermal hydrolysis of highly biodegradable
substrates is inefficient. Contrary to the results obtained from Phase I, methane yields from
co-digestion did not exceed those of mono-digestion in all the cases. Methane yields
produced from the 90:10 and 70:30 mixtures were either lower or equal to the methane
yields of the raw and pretreated FW. Co-digestion improved the methane yields in the
50:50 mixtures by only 9%–12%, the highest being 12% with FW pretreated at 150 ˚C.
The findings of this study agree with the findings of Liu et al. (2015) who observed a 10%
increase in the methane yield after increasing the fraction of pretreated FW at 150 ˚C from
10% to 30% which in this case the observed increase was 13%.

4.5.3 Phase III
Table 4.12 summarizes the methane yields, cumulative methane volumes produced, and
the biodegradability of the raw and pretreated mixtures.
Table 4.12. Methane volumes, yields, and biodegradability of the raw and
pretreated mixtures
Mixtures
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW

Mixing Temperature
ratio
(˚C)
90:10
150
70:30
150
50:50
150
90:10
170
70:30
170
50:50
170
90:10
190
70:30
190
50:50
190
90:10
210
70:30
210
50:50
210
90:10
–
70:30
–

Cum. CH4
(mL)
808
1020
1059
830
998
983
751
688
751
566
581
664
547
695

Y1 (L g-1 COD) Bo (%)
0.28
0.35
0.37
0.29
0.34
0.34
0.26
0.24
0.26
0.20
0.20
0.23
0.19
0.24

70
88
92
72
87
85
65
60
65
49
50
58
47
60
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TWAS + FW
TWAS
FW
1
2

50:50
–
–

–
–
–

1025
578
1180

0.35
0.20
0.39

89
50
93

Methane yield = methane volume (mL) / mass of COD added (g)
Biodegradability = methane yield (L g-1COD) / theoretical methane yield (0.397 L g-1COD)

Raw TWAS and FW in the third phase produced 578 mL and 1180 mL of methane
corresponding to a biodegradability of 50% and 93% respectively. The findings of this
study resonated with the previous two with respect to the impact of THP on the different
mixtures and individual substrates.
Methane production was improved in the 90:10 mixtures at all temperatures, with the
largest improvement at 170 ˚C producing 830 mL, 52% higher than that of the raw mixture.
Pretreatment at 190 ˚C and 210 ˚C were detrimental as it was concluded in the previous
phases. In the 70:30 mixture, pretreatment at 150 ˚C generated 1020 mL of methane
improving the methane yield by 47% over the raw mixture, almost equal to the methane
produced by the raw 50:50 mixture, due to improvements in both the biodegradability of
TWAS and FW. However, the further increase in the temperature decreased the methane
yields. Naran et al. (2016) also observed a 38% increase in the methane yield at 120 ˚C
with the same mixing ratio of TWAS and FW.
Pretreatment of the 50:50 did not prove efficient as the increase in the methane yield was
only 4% at 150 ˚C owing to the high biodegradability of the FW. Increasing the
pretreatment temperature further detrimentally impacted methane production and
biodegradability. The methane yield at 170 ˚C was 4% lower than the raw mixture.
Pretreatment at 190 ˚C and 210 ˚C decreased the biodegradability further to 65% and 58%
respectively. Comparable with the previous two phases, as the biodegradability of the
mixture increased with the increase of the FW volume, the impact of THP was either
negligible or detrimental to anaerobic biodegradability. Additionally, pretreatment at 150
˚C and 170 ˚C seemed to be the most beneficial. Comparable with the previous two phases,
increased solubilization was not reflected in increased biodegradability. The thresholds at
which the increase in temperature was associated with the production of refractory
compounds in TWAS and FW were 190 ˚C and 170 ˚C respectively. Deterioration in the
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biodegradability and methane production of the mixtures conformed with the lowest
threshold of FW at 170 ˚C. Thermal hydrolysis at 150 ˚C showed the largest improvements
with respect to methane yields and biodegradability. In the 90:10 mixture, the increase in
the methane yield by increasing the temperature from 150 ˚C to 170 ˚C was marginal (i.e.
2%) compared to the energy input that would be required.
The COD mass balance for all batches was computed considering initial and final COD
masses, and the COD equivalent of methane (0.397 mLCH4 g-1COD) at 37 ˚C with closures
of 90% to 99% emphasizing the reliability of the data.
One of the objectives of this study was to identify the optimal mixing ratio for raw and
pretreated substrates. It is noteworthy that the 50:50 ratio exhibited the highest
biodegradability and produced the largest methane volume in all three phases. However,
for the application of THP with co-digestion, as the biodegradability increased with
increasing the FW contribution to the mixture, improvements in biodegradability due to
THP decreased from 53% in the 90:10 mixture, to 22% in the 50:50 mixture.

4.6

Kinetics

4.6.1 Phase I
The kinetics of the anaerobic biodegradability of raw and pretreated substrates and their
mixtures were assessed by fitting the Modified Gompertz model to methane production
curves, the results of which are summarized in Table 4.13.
Table 4.13. Kinetic analysis of methane production of the co-digestion of raw and
pretreated TWAS with FW
Mixtures
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW

Mixing Pretreated Temperature
ratio
substrate
(˚C)
90:10
TWAS
150
70:30
TWAS
150
50:50
TWAS
150
90:10
TWAS
170

P (mL)

Rm (mL d-1)

λ (d)

R2

805
969
1076
891

221
257
267
252

0
0
0
0

0.983
0.995
0.997
0.987
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TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS
TWAS
TWAS
TWAS
TWAS
FW

70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
–
–
–
–
–
–

TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
–
–
–
–
TWAS
TWAS
TWAS
TWAS
–

170
170
190
190
190
210
210
210
–
–
–
–
150
170
190
210
–

997
1087
843
917
992
667
817
979
696
869
930
591
661
706
688
617
1069

260
268
248
236
235
194
239
252
197
201
246
147
199
191
205
136
254

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.48

0.994
0.997
0.983
0.996
0.998
0.988
0.998
0.998
0.983
0.998
0.999
0.979
0.984
0.982
0.99
0.99
0.994

Raw and pretreated mixtures did not exhibit any lag phase, neither did the individual
substrates except for FW exhibiting a lag phase of 0.48 d, which might be because the
inoculum used in this study is acclimated to treating sewage sludges not FW, the
heterogeneity of the FW, and its relatively large particle size compared to TWAS which is
more homogenous. Thermal hydrolysis increased methane production rates of raw TWAS
from 147 mL d-1 to 199, 191 and 205 mL d-1 at 150, 170, and 190 ˚C respectively, which
cannot be considered statistically different, while pretreatment at 210 ˚C decreased the
production rate to 136 mL d-1. Although THP at 190 ˚C improved kinetics it did not
correspond to a higher methane yield compared to THP at 170 ˚C. As aforementioned, THP
at 190 ˚C was the threshold to the production of refractory compounds in TWAS, hence
the lower biodegradability. Despite the decrease in the mean particle size at 210 ˚C to 42
µm which should greatly facilitate hydrolysis, the refractory compounds produced seem to
have an inhibitory effect reducing not only the methane production rate but also
biodegradability below that of the raw substrate. The maximum methane production rate
for raw TWAS and pretreated TWAS up to 190 ˚C correlated with the volume weighted
mean particle size as depicted in Figure 4.4. As apparent from Table 4.13 at 210 ˚C, the
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maximum methane production rate, was lower than the raw TWAS, despite the higher
solubilization and lower particle size, due to potential inhibition.
180
160

Particle Size (µm)

140

y = -1.6042x + 403.75
R² = 0.8805

120
100
80
60
40
20
0
0

50

100

150

Rm (mL

200

250

d-1)

Figure 4.4. Linear correlation between the mean particle size and methane
production rate
Although the maximum methane production rate in the BMPs was observed at the
beginning of the test and is plausibly associated with the soluble substrate utilization,
Figure 4.4 emphatically corroborates that particle size impacts methane production
kinetics, and thus hydrolysis plays a key role in the process kinetics, not only solubilization.
Co-digestion improved methane production rates with the largest improvement being in
the 50:50 mixtures. The co-digestion of pretreated TWAS at 170 ˚C with FW increased the
methane production rate by 40% without the experience of a lag phase. Despite the adverse
effects of pretreatment at 210 ˚C, methane production rates were either improved or almost
equal to the raw mixture and the individual substrate by co-digestion with FW.
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4.6.2 Phase II
The results of the kinetic analysis of Phase II are summarized in Table 4.14. Like the first
phase, the digestion of FW exhibited a lag phase, only slightly lower being 0.37 d. The lag
phase was diminished by THP at 150 ˚C and 170 ˚C but increased with THP at 190 ˚C and
210 ˚C to 0.26 d and 0.28 d respectively. The co-digestion of the 90:10 mixture did not
experience a lag phase, however, with increasing the FW volume, the lag phase increased
in the 70:30 and 50:50 mixtures to 0.1 d and 0.27 d respectively.
Table 4.14. Kinetic analysis of methane production of the co-digestion of raw and
pretreated FW with TWAS
Mixtures
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
FW
FW
FW
FW
FW
TWAS

Mixing Pretreated Temperature
ratio
substrate
(˚C)
90:10
FW
150
70:30
FW
150
50:50
FW
150
90:10
FW
170
70:30
FW
170
50:50
FW
170
90:10
FW
190
70:30
FW
190
50:50
FW
190
90:10
FW
210
70:30
FW
210
50:50
FW
210
90:10
–
–
70:30
–
–
50:50
–
–
–
–
–
–
FW
150
–
FW
170
–
FW
190
–
FW
210
–
–
–

P (mL)

Rm (mL d-1)

λ (d)

R2

662
759
867
655
730
797
610
663
732
588
617
691
585
661
774
752
781
729
673
628
400

197
222
242
177
191
218
179
200
196

0
0
0
0
0
0
0
0
0
0
0
0
0
0.1
0.27
0.37
0
0
0.26
0.28
0

0.989
0.995
0.997
0.988
0.995
0.998
0.991
0.997
0.997
0.988
0.995
0.997
0.995
0.998
0.999
0.999
0.998
0.997
1
0.999
0.99

172
170
181
166
189
193
191
210
189
181
180
110

As aforementioned THP of FW induced a positive impact at 150 ˚C only, beyond which
browning in colour, lower methane yields, and biodegradability were observed. The
methane production rate of FW slightly increased by 10% from 191 mL d-1 to 210 mL d-1
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at 150 ˚C, beyond which the rates decreased below that of the raw FW to 189, 181, and
180 ˚C at 170, 190, and 210 ˚C respectively. The decrease in the methane production rates
might be because of the formation of inhibitory compounds at temperatures higher than
150 ˚C and the increase in particle size observed in the particle size distribution. Codigestion in the 90:10 ratio did not improve methane production rates, whereas in the 70:30
the only improvement was in the mixture of TWAS with FW pretreated at 150 ˚C, as the
methane production rate increased slightly by 6% from 210 mL d-1 to 222 mL d-1. Codigestion at a ratio of 50:50 showed improvements in methane production rates, the highest
resembling that of the 70:30 ratio, increasing the rate by 15% from 210 mL d-1 to 242 mL
d-1. Despite the decrease in the methane production rates at 170 ˚C and 190 ˚C, co-digestion
at a ratio of 50:50 slightly hindered the adverse effects increasing the rates by 15% and 8%
at 170 ˚C and 190 ˚C respectively.

4.6.3 Phase III
Table 4.15 summarizes the results of the kinetic analysis of the co-digestion of the raw and
pretreated mixtures. The most pronounced improvement was in the 90:10 mixture; THP at
170 ˚C increased the methane production rate by 91% from 140 mL d-1 to 268 mL d-1.
Despite the increase in the increase in the rate at 190 ˚C compared to the raw sample,
biodegradability decreased resembling the results of the previous two phases, with THP at
210 ˚C having the same rate as the raw mixture. In the 70:30 mixture, THP at 150 ˚C
influenced the largest improvement with an increase in the methane production rate by
83% from 160 mL d-1 to 292 mL d-1, while further increases in the temperature negatively
impacted kinetics. Thermal hydrolysis of the 50:50 showed the least improvements in
kinetics, where the methane production rate increased by 22% at 150 ˚C, beyond which
kinetics deteriorated. A lag phase of 0.25 d was observed in the digestion of FW which
decreased to 0.06 d with co-digestion at a 50:50 ratio and diminished as the volume of FW
decreased. The biodegradability or methane produced from the raw and pretreated 50:50
mixture was almost similar; the only improvement was in kinetics. As the biodegradability
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of the raw mixture increased with increasing the FW volume, the lower the impact of THP
was on biodegradability, and the more it was on kinetics.
Table 4.15. Kinetic analysis of methane production of the co-digestion of raw and
pretreated mixtures
Mixtures
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS
FW

4.7

Mixing Temperature
ratio
(˚C)
90:10
150
70:30
150
50:50
150
90:10
170
70:30
170
50:50
170
90:10
190
70:30
190
50:50
190
90:10
210
70:30
210
50:50
210
90:10
–
70:30
–
50:50
–
–
–
–
–

P (mL)

Rm (mL d-1)

λ (d)

R2

756
985
1028
796
969
951
719
672
743
563
559
647
526
679
1020
542
1171

203
292
286
268
266
279
246
164
172

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.06
0
0.25

0.99
0.996
0.998
0.994
0.998
0.997
0.992
0.998
0.999
0.999
0.996
0.998
0.992
0.998
0.999
0.984
0.999

143
153
162
140
160
234
175
269

Synergy

Co-digestion outcomes can be divided into three categories: neutral, synergistic, and
antagonistic A neutral outcome occurs when the sum of the theoretical yields of the
individual substrates equals that of their co-digestion. A synergistic effect, which is always
desirable, occurs when the theoretical yield attained by co-digestion, exceeds the weighted
average of the individual substrates, while the antagonistic outcome is when co-digestion
yields are lower than the weighted average of the individual substrates (Nielfa et al., 2015;
Zitomer et al., 2008). Synergistic outcomes have been attributed to the addition of
alkalinity, trace elements, nutrients, enzymes; toxicity dilution; improvements in the C/N
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ratio; and the diversity in microbial community (Gu et al., 2020; Rabii et al., 2019; Nielfa
et al., 2015).

4.7.1 Phase I
A summary of the differences between experimental and theoretical methane yields of the
different mixtures investigated in the first phase are summarized in Table 4.16. The codigestion of raw TWAS and FW at mixing ratios of 90:10, 70:30, and 50:50 did not show
any synergistic outcomes as the experimental yields were lower than the theoretical yields
by 8%, 5%, and 7%, respectively. The co-digestion of pretreated TWAS at 210 ˚C with
FW produced an antagonistic effect as the yields decreased by 13% and 12% at the 90:10
and 70:30 ratios respectively, while in the 50:50 ratio the yield decreased by only 2% which
is could be considered a neutral effect as it is within the acceptable standard deviation of
10%. At 190 ˚C, co-digestion of the 70:30 and 50:50 mixtures showed a marginal decrease
in the theoretical yields by 3% and 2% respectively, with the 90:10 mixture produced 5%
more methane. The highest increase in the experimental yield over the theoretical yield
was 7% at 150 ˚C in the 50:50 mixture, and 170 ˚C in the 90:10 and 50:50. However,
thermal hydrolysis did not have a significant impact on the synergistic outcomes of this
study.
Table 4.16. Synergistic analysis of the co-digestion of raw and pretreated TWAS
with FW
Mixtures
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW

Mixing
ratio
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50

Pretreated
substrate
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS

Temperature
(˚C)
150
150
150
170
170
170
190
190
190

Yexp (mL g-1) Yth (mL g-1) Δ (%)
284
333
369
312
344
371
297
315
339

280
323
343
291
329
346
284
325
344

2
3
7
7
5
7
5
-3
-2
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TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW

90:10
70:30
50:50
90:10
70:30
50:50

TWAS
TWAS
TWAS
–
–
–

210
210
210
–
–
–

232
278
334
245
301
317

267
317
340
266
316
340

-13
-12
-2
-8
-5
-7

Heo et al. (2004) observed a 10% decrease in the experimental yield from the co-digestion
of WAS and FW at the same mixing ratios adopted in this study. Nielfa et al. (2015)
observed a marginal increase of 6.5% in the methane yield from the co-digestion of WAS
and FW at an 80:20 mixing ratio. Additionally, Yin et al. (2016) observe an increase in the
methane yield by 7% at a mixing ratio of 50:50.

4.7.2 Phase II
A summary of the differences between experimental and theoretical methane yields of the
different mixtures investigated in the second phase are summarized in Table 4.17.
Table 4.17. Synergistic analysis of the co-digestion of raw and pretreated FW with
TWAS
Mixtures
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW

Mixing
ratio
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30

Pretreated
substrate
FW
FW
FW
FW
FW
FW
FW
FW
FW
FW
FW
FW
–
–

Temperature
(˚C)
150
150
150
170
170
170
190
190
190
210
210
210
–
–

Yexp (mL g-1) Yth (mL g-1) Δ (%)
241
273
311
240
263
283
222
237
260
216
222
247
211
234

207
236
269
199
222
253
185
201
225
181
195
218
199
223

16
16
16
21
18
12
20
18
15
19
14
13
6
5
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TWAS + FW

50:50

–

–

271

253

7

In the second phase co-digestion of the raw substrates showed a slight increase over the
theoretical yields ranging from 5% to 7%. Thermal hydrolysis had a more significant
impact on the synergistic outcome of this phase as improvements ranging from 13% to
21% were observed. Thermal hydrolysis at 150 ˚C showed the best results with respect to
methane production. The synergistic effect at the same temperature was equal in all
mixtures improving the yield by 16% over the theoretical value. The largest improvement
was 21% in the mixture of pretreated FW at 170 ˚C at a 90:10 ratio, followed by a 20%
improvement in the mixture of FW pretreated at 190 ˚C at the same ratio. Despite the
detrimental impact of pretreatment at 210 ˚C, all mixtures showed improvement over the
theoretical yield from 13% to 19%. One of the advantages of co-digestion is the dilution
of toxins and the diversity in the microbial community (Rabii et al., 2019; Nielfa et al.,
2015), which might explain the increase in the methane yield compared to theoretical
values. Despite the formation of refractory compounds with the increased THP
temperature, the dilution of these toxins with co-digestion compared to mono-digestion
might have influenced methane yields. The findings of this study suggest that although the
refractory compounds produced from THP of FW and TWAS cannot be quantified,
however, refractory compounds produced from the THP of FW may not be as inhibitory
as those produced from the THP of TWAS, which rationalizes the higher synergy in phase
II with the pretreated FW. The second reason for the higher synergy with pretreated FW
relative to pretreated TWAs can be associated with changes in microbial communities since
THP treatment in phase I sterilizes the substrate inactivating microorganisms.
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Chapter 5
5

Modelling Results and Discussion

Two generic full-scale plant configurations were used to simulate the impact of the
conversion of endogenous products with thermal hydrolysis on biogas production,
biodegradability and VSR. It should be noted that this approach was preferred over
modeling the experimental data generated from this work because in order to model the
BMPs using the anaerobic inoculum from Stratford, and the TWAS from Greenway,
calibrated models of both plants are needed, which is well beyond the scope of this study.
Detailed plant configurations, process volumes, influent characteristics and fractionations
were previously discussed in Chapter 3. A Modified Ludzack-Ettinger configuration with
primary clarification was adopted from Kim et al. (2019) to simulate aerobic SRTs of 5,
10, and 15 d. A modification of the adopted model to a Carrousel configuration without
primary clarification was used to simulate aerobic SRTs of 20, 30, and 30 d. Simulations
were based on thermal hydrolysis temperatures adopted at full-scale installations ranging
from 160–180 ˚C. At each aerobic SRT, two scenarios were investigated with and without
THP, all of which were simulated at an anaerobic SRT of 15 d.

5.1

Characteristic Changes

The characteristics of the raw and pretreated sludge mixture (i.e. PS and TWAS) produced
at SRTs of 5, 10, and 15 d, in addition to the TWAS produced from the extended aeration
system at SRTs of 20, 30, and 60 d are summarized in Table 5.1. The masses of sludges
produced and processed by the plants decreased as the SRT of the activated sludge system
increased. As the SRT increased from 5 d to 60 d, the amount of sludge that required
processing decreased by 61%. The production of endogenous products–denoted by Ze–
increased by 155% due to cell decay from 536 kg d-1 to 1365 kg d-1 with the increase in
SRT from 5 days to 60 days. The impact of THP is reflected in the increase in soluble
COD, volatile suspended solids reduction (VSR), and the reduction in endogenous
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products. The VSR at the lower SRTs (i.e. 5, 10, and 15 d), was less compared to the higher
SRTs (i.e. 20, 30, and 60 d), since THP was applied to mixture of PS and TWAS.
Table 5.1. Characteristics of raw and pretreated sludges produced at different solids
retention times
SRT (d)
5
Condition
Raw
THP
TCOD (kg d-1) 10568 10542
pCOD (kg d-1) 10550 7454
sCOD (kg d-1)
18
3088
Ze (kg COD d-1)
536
284
VSS (kg d-1)
6864 4684
VSR (%)
–
32
1
-1
Xa (kg COD d ) 2614
–
Xi2 (kg COD d-1) 1452
–
1
2

10
Raw
9786
9769
18
692
6321
–
1752
1509

THP
9761
6995
2766
367
4402
30
–
–

15
Raw
9372
9355
18
759
6033
–
1332
1531

THP
9347
6747
2600
403
4248
29
–
–

20
Raw
5533
5527
6
1297
3733
–
2138
3400

30
THP
5508
3646
1862
683
2335
37
–
–

Raw
4935
4929
6
1371
3321
–
1567
3373

THP
4961
3445
1516
731
2214
34
–
–

60
Raw
4029
4024
5
1365
2698
–
871
3161

THP
4016
3001
1016
723
1934
28
–
–

Active fraction of the waste activated sludge (i.e. including all microbial groups)
Inactive fraction of the waste activated sludge including Ze

Two of the main components of primary sludge are starch and cellulose (Wilson & Novak,
2009), with cellulose contributing almost 17% of its total suspended solids (Ahmed et al.,
2019). The contribution of Ze is solely from the WAS, as for the PS to comprise Ze, either
the influent wastewater COD contains an active biomass fraction or biological activity
occurs in the primary clarifier. The conversion ratio of Ze to a complex biodegradable
substrate was fixed to 47% in all conditions, however, at an SRT of 5 d, Ze represented
only 5% of the total COD of the sludge mixture, compared to 34% at a 60 d SRT. The
increase in Ze can be linearly correlated to the increase in the aerobic SRT as depicted in
Figure 5.1. The increase in soluble COD decreased as the SRT increased, since Ze is
converted to biodegradable particulate COD, hence, solubilization only affects the
remaining fraction of the particulate COD which decreases as the SRT increases.
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Increase in Endogenous Products (%)

40
35
30
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y = 0.6767x
R² = 0.9209

20
15
10
5
0
0

10

20

30

40

50

60

Aerobic SRT (d)

Figure 5.1. Correlation between the increase in endogenous products and the
aerobic SRT

5.2

Kinetics

The hydrolysis rate of the raw mixture of TWAS and PS was estimated as 0.73 d-1 close to
the hydrolysis rate of 0.71 d-1. based on the weighted average using 1.2 d-1 for PS (Vavilin
et al., 2008) and 0.21 d-1 for TWAS. Both Haug et al. (1978) and Wilson et al. (2011)
applied THP to a mixture of TWAS and PS and fed the raw and pretreated mixtures to
digesters operating at a 15 d SRT. Haug et al. (1978) reported an increase in VSR from
46% to 55% with THP at 175 ˚C. Wilson et al. (2011) reported an increase in VSR from
50% to 58% with THP at 170 ˚C. Four simulations were run to match the VSR results of
both studies with the raw and pretreated sludge mixtures. Because the aerobic SRT of the
AS systems from which the TWAS was obtained in both studies was not mentioned, the
plant model chosen for estimating the hydrolysis rate coefficients of the mixtures was
assumed to be valid at the lowest aerobic SRT of 5 d, a typical SRT for AS plants (Henze
et al., 2008). The hydrolysis rate of the pretreated TWAS and PS mixture was found to be
2.05 d-1, representing an increase of 181%. The correlation between the actual and
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predicted anaerobic digestion VSR from both studies is depicted in Figure 5.2. It is
noteworthy that the predicted reduction in VSS is the combined reduction with THP and
anaerobic digestion.
65

Predicted VSR (%)

60
55
50

y = 1.0333x
R² = 0.9986

45
40
35
30
25
25

30

35

40

45

50

55

60

Actual VSR (%)

Figure 5.2. Linear correlation between actual and predicted VSR of the raw and
pretreated TWAS and PS mixtures

5.3

Methane Production, Yields, and Biodegradability

All modelling software consider endogenous products to be unbiodegradable under both
aerobic and anaerobic conditions, hence, the low methane yield at prolonged aerobic SRTs.
Methane flowrates, yields, and the biodegradability of the raw and pretreated sludges are
summarized in Table 5.2.
Table 5.2. Methane production rates, yields and biodegradability of the raw and
pretreated sludges
SRT (d)
Condition
QCH4 (m3 d-1)
Y1CH4 (m3 kg-1 COD)
Bo2 (%)

5
10
15
20
30
60
Raw THP Raw THP Raw THP Raw THP Raw THP Raw THP
2057 2312 1483 2069 1161 1946 387 984 282 725 150 540
0.19 0.22 0.15 0.21 0.13 0.21 0.07 0.18 0.06 0.15 0.04 0.13
50
56
39
55
32
54
18
46
15
38
9
35
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2

Methane yield = methane flowrate (m3/d) / mass of COD fed (kg/d)
Biodegradability = sludge CODin (kg/d) – sludge CODout (kg/d) / sludge CODin (kg/d)

The increase in the aerobic SRT decreased methane production and the yields of the raw
sludges as the available biodegradable material decreased. Thermal hydrolysis resulted in
the increase in methane yields, VSR, and biodegradability, due to the conversion of
endogenous products to biodegradable substrates. At the 5 d SRT, the impact of THP was
the lowest, increasing the methane yield by only 13%. At SRTs of 10 d and 15 d, the
increase in the yields were 40% and 62% respectively. Methane yields increased over
twofold at the longer SRTs (i.e. 20, 30, and 60 d), with increases of 155%, 156%, and 262%
at SRTs of 20, 30, and 60 d. The increase in methane yields resonates with the findings of
Pinnekamp (1988) who observed a 270% increase in the methane yield of anaerobically
digested sludge with THP at 180 ˚C. However, the digestion SRT of this sludge and its
characteristics were not reported. The increase in the methane yield with THP can be
correlated to the SRT as depicted in Figure 5.3.
300
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y = 4.7372x
R² = 0.9624
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Figure 5.3. Correlation between the increase in methane yield and the aerobic SRT
The increase in anaerobic biodegradability with THP can also be correlated to the raw
sludge biodegradability–both of which are calculated as explained in Table 5.2–as depicted
in Figure 5.4. Although WAS is primarily microorganisms which are unfavourable for
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digestion compared to primary sludge. Thermal hydrolysis facilitates cell rupture and the
release of intracellular materials making them more readily available for consumption
which in turn increases biodegradation kinetics rather than overall biodegradability. The
biodegradability of the raw sludges increases at lower aerobic SRTs where the impact of
THP is hindered with respect to biodegradability.

Anaerobic Biodegradability (%)
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R² = 0.8941
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Figure 5.4. Correlation between the anaerobic biodegradability and the increase in
biodegradability with thermal hydrolysis
Haug et al. (1978) demonstrated that THP did not improve the biodegradability of PS,
hence, improvements in biodegradability are attributed to improvements in the
biodegradability of WAS. Both pretreated and raw WAS should ultimately have the same
methane potential and biodegradability if the digestion time was increased long enough to
accommodate, and hence the improved biodegradability could only be explained by the
conversion of a fraction of the sludge that is hardly biodegradable like endogenous
products. Endogenous products are characterized by an extremely low degradation rate of
0.0075 d-1 (Jones et al., 2008), and are only utilized in digesters operating at SRTs of more
than 30 d. The conversion of endogenous products, whether to a soluble substrate or to a
particulate substrate that can be degraded easier than their original form, unlocks methane
potential that would not be attainable at the SRT of 15 d adopted in this study.
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Chapter 6
6

Conclusions and Recommendations

6.1

Experimental Conclusions

6.1.1 Thermal Hydrolysis of Thickened Waste Activated Sludge and Food
Waste
•

The optimum THP temperature with respect to enhancing TWAS methane yield
was 170 ˚C, at which a yield of 0.25 L g-1COD fed corresponding to 63%
biodegradability, an increase of 18% relative to the raw TWAS was observed.

•

The methane production rate did not differ substantially with the THP of TWAS
at 150 ˚C, 170 ˚C, and 190 ˚C, at which a production rate of 83 mL d-1 g-1COD fed
corresponding to a 39% increase relative to the raw TWAS, was observed.

•

The optimum THP temperature with respect to enhancing FW methane yield was
150 ˚C, at which a yield of 0.28 L g-1 COD fed, an increase of 7% relative to the
raw FW, corresponding to 70% biodegradability was observed.

•

The methane production rate of FW only improved with THP at 150 ˚C, at which
a production rate of 72 mL d-1 g-1 COD fed corresponding to a 10% increase over
the raw FW, was observed.

•

The improved kinetics with thermal hydrolysis is attributed to the reduction in
particle size and not improved solubilization.

6.1.2 Co-Digestion of Thermally Pretreated Thickened Waste Activated
Sludge with Food Waste
•

The optimum temperature with respect to improvements in methane yields and
kinetics was 170 ˚C, at which methane yields of 0.31, 0.34, and 0.37 L g-1COD fed
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and methane production rates of 84, 87, and 89 mL d-1 g-1COD fed were observed in
the 90:10, 70:30, and 50:50 respectively.
•

Thermal hydrolysis of TWAS and co-digestion with FW showed no synergism with
respect to methane yields and kinetics.

•

The improvements in methane yields and kinetics with thermal hydrolysis were
inversely proportional to the biodegradability of the mixture; as the volume of FW
increased, improvements were less pronounced.

•

The adverse effects of thermally pretreated TWAS at 190 ˚C and 210 ˚C were
reflected in co-digestion, resulting in lower methane yields and biodegradability.

6.1.3 Co-Digestion of Thermally Pretreated Food Waste with Thickened
Waste Activated Sludge
•

The optimum temperature with respect to improvements in methane yields was 150
˚C, at which methane yields of 0.24, 0.27, and 0.31 L g-1COD fed and methane
production rates of 67, 76, and 83 mL g-1COD fed were observed in the 90:10, 70:30,
and 50:50 respectively.

•

Co-digestion of raw TWAS and FW improved methane yields from 5% to 7%
relative to the theoretical yields owing to synergy.

•

Thermal hydrolysis of FW improved the synergy by up to 21% relative to the
theoretical yields.

•

The refractory compounds produced from THP of FW are less inhibitory compared
to those produced from the THP of TWAS.
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6.1.4 Combined Thermal Hydrolysis of Thickened Waste Activated Sludge
and Food Waste
•

The optimum temperature with respect to improvements in methane yields was
150 ˚C, at which methane yields of 0.35 and 0.37 L g-1COD fed and methane
production rates of 101 and 99 mL d-1 g-1COD fed were observed in the 70:30 and
50:50 respectively.

•

The optimum temperature with respect to improvements in methane yields in the
90:10 mixture was 170 ˚C, at which a methane yield of 0.29 L g-1COD fed and a
methane production rate of 93 mL d-1 g-1 COD fed were observed, corresponding to
72% biodegradability.

6.2

•

Modelling Conclusions

Thermal hydrolysis changes the nature of endogenous products, allowing their
microbial utilization, which in turn improves biodegradability and methane
production.

•

The impact of THP is inversely proportional to the biodegradability of the raw
sludges (i.e. as biodegradability decreases, improvements in methane yields and
biodegradability become more pronounced).

•

The solubilization efficiency of a mixture of PS and TWAS is lower than that of
TWAS only, since two of the main components of PS (i.e. starch and cellulose)
only degrade at temperatures ≥ 220 ˚C which are not common THP temperatures.
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6.3

Significance of the Study Findings

Although currently commercial THP processes are applied primarily to TWAS without
consideration of the aerobic SRT, the modeling work performed in this study clearly
indicates that the benefits of THP materialize primarily for TWAS from systems with long
SRTs and consequently less biodegradable due to the accumulation of both inert solids and
endogenous products.
The experimental work emphatically refutes the common understanding that the primary
benefit of THP with respect to anaerobic biodegradation kinetics and yields stem from
solubilization, with kinetics being more strongly dependent on the hydrolysis of the smaller
particles, the primary benefit results from particle size reduction not solubilization. For
plants considering co-digestion of food wastes and wastewater sludges, the maximum
synergistic benefits occurred when FW was thermally pretreated. While this may appear
counterintuitive given that FW is mostly soluble and readily biodegradable, hence, THP
has limited benefits; thermal hydrolysis of FW does not produce strong inhibitors like
TWAS, hence, thermal hydrolysis of FW might in fact dilute inhibitory compounds while
providing a readily biodegradable substrate for the relatively lower active microorganisms.

6.4

Recommendations

Based on the research undertaken, recommendations for future work are as follows:
•

Investigating the combined impact of thermal hydrolysis and co-digestion in a
semi-continuous flow system with respect to methane production, biodegradability,
and synergy.

•

Investigating the combined impact of thermal hydrolysis and co-digestion on the
required operational SRT of anaerobic digesters operated continuously or semicontinuously.
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•

Investigating the impact of thermal hydrolysis and co-digestion on the microbial
community.

•

Investigating the possible degradation of the refractory compounds produced with
thermal hydrolysis at longer SRTs, aerobic conditions, or with acclimatization.

•

Experimentally determining the improvements in the hydrolysis rates of raw and
thermally pretreated feedstocks.

•

Experimentally correlating the efficacy of THP with the aerobic SRT of the
activated sludge system.
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Appendix A: Experimental Design
A.1. Volumetric composition of the feedstocks in Phase I
Mixtures
Mixing ratio Pretreated substrate Temperature (˚C) VTWAS VFW VADS
TWAS + FW
90:10
TWAS
150
44
5
380
TWAS + FW
70:30
TWAS
150
22
9
380
TWAS + FW
50:50
TWAS
150
11
11
380
TWAS + FW
90:10
TWAS
170
44
5
380
TWAS + FW
70:30
TWAS
170
22
9
380
TWAS + FW
50:50
TWAS
170
11
11
380
TWAS + FW
90:10
TWAS
190
44
5
380
TWAS + FW
70:30
TWAS
190
22
9
380
TWAS + FW
50:50
TWAS
190
11
11
380
TWAS + FW
90:10
TWAS
210
44
5
380
TWAS + FW
70:30
TWAS
210
22
9
380
TWAS + FW
50:50
TWAS
210
11
11
380
TWAS + FW
90:10
–
–
44
5
380
TWAS + FW
70:30
–
–
22
9
380
TWAS + FW
50:50
–
–
11
11
380
TWAS
–
TWAS
–
70
–
380
TWAS
–
TWAS
150
70
380
TWAS
–
TWAS
170
70
380
TWAS
–
TWAS
190
70
380
TWAS
–
TWAS
210
70
380
FW
–
–
–
–
13
380
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A.2. Volumetric composition of the feedstocks in Phase II
Mixtures
Mixing ratio Pretreated substrate Temperature (˚C) VTWAS VFW VADS
TWAS + FW
90:10
FW
150
44
5
350
TWAS + FW
70:30
FW
150
19
8
350
TWAS + FW
50:50
FW
150
10
10
350
TWAS + FW
90:10
FW
170
44
5
350
TWAS + FW
70:30
FW
170
19
8
350
TWAS + FW
50:50
FW
170
10
10
350
TWAS + FW
90:10
FW
190
44
5
350
TWAS + FW
70:30
FW
190
19
8
350
TWAS + FW
50:50
FW
190
10
10
350
TWAS + FW
90:10
FW
210
44
5
350
TWAS + FW
70:30
FW
210
19
8
350
TWAS + FW
50:50
FW
210
10
10
350
TWAS + FW
90:10
–
–
44
5
350
TWAS + FW
70:30
–
–
19
8
350
TWAS + FW
50:50
–
–
10
10
350
FW
–
FW
–
–
11
350
FW
–
FW
150
–
11
350
FW
–
FW
170
–
11
350
FW
–
FW
190
–
11
350
FW
–
FW
210
–
11
350
TWAS
–
–
–
78
–
350
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A.3. Volumetric composition of the feedstocks in Phase III
Mixtures
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS + FW
TWAS
FW

Mixing ratio
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
90:10
70:30
50:50
–
–

Temperature (˚C)
150
150
150
170
170
170
190
190
190
210
210
210
–
–
–
–
–

VTWAS
40
19
10
40
19
10
40
19
10
40
19
10
40
19
10
64
–

VFW
4
8
10
4
8
10
4
8
10
4
8
10
4
8
10
–
13

VADS
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
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Appendix B: Feedstock Characteristics
Table B.1. Feedstock characteristics in Phase I
Parameter
TS (mg/L)
VS (mg/L)
TSS (mg/L)
VSS (mg/L)
TCOD (mg/L)
sCOD (mg/L)
TN (mg/L)
SN (mg/L)
NH4-N (mg/L)

*

TWAS
39000 ± 1410*
28300 ± 990
35900 ± 424
26800 ± 283
42379 ± 847
1440 ± 4
2817 ± 117
175 ± 5
99 ± 3

FW
151800 ± 5370
125300 ± 9760
84300 ± 1560
82400 ± 849
222414 ± 11400
94138 ± 2070
4320 ± 40
1360 ± 80
209 ± 22

Inoculum
27700 ± 424
15900 ± 141
27000 ± 849
15600 ± 283
24073 ± 685
1290 ± 81
1825 ± 15
665 ± 3
640

TP (mg/L)
sP (mg/L)

963 ± 12
2±1

1764 ± 33
265 ± 15

602 ± 2
–

TVFAs (mg/L)

377 ± 18

6300 ± 300

222

value represents the average ± the difference between duplicates

Table B.2. Feedstock Characteristics in Phase II
Parameter
TS (mg/L)
VS (mg/L)
TSS (mg/L)
VSS (mg/L)
TCOD (mg/L)
sCOD (mg/L)
TN (mg/L)
SN (mg/L)
NH4-N (mg/L)
TP (mg/L)
sP (mg/L)
TVFAs (mg/L)
*

TWAS
28800 ± 283*
21000 ± 283
26500 ± 141
19900 ± 141
37250 ± 495
450 ± 14
2010 ± 198
360
1044 ± 23
506 ± 30
–
1580 ± 14

FW
124800 ± 283
111600 ± 849
78800
75500 ± 424
271200 ± 6220
95800 ± 2546
4540 ± 85
3180 ± 85
430 ± 14
1818 ± 119
546 ± 19
13320 ± 396

value represents the average ± the difference between duplicates

Inoculum
29200 ± 283
16900 ± 141
27700 ± 141
16700 ± 141
25450 ± 71
300
2260 ± 141
2380 ± 28
660
552 ± 4
–
100
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Table B.3. Feedstock Characteristics in Phase III
Parameter
TS (mg/L)
VS (mg/L)
TSS (mg/L)
VSS (mg/L)
TCOD (mg/L)
sCOD (mg/L)
TN (mg/L)
SN (mg/L)
NH4-N (mg/L)
TP (mg/L)
sP (mg/L)
TVFAs (mg/L)
*

TWAS
34600
26000
31500 ± 424
24300 ± 141
45310 ± 354
2310 ± 177
2750 ± 10
140
28 ± 1
908 ± 12
–
–

FW
125500 ± 6080*
109000 ± 6080
85600 ± 1980
82400 ± 1700
248000 ± 12900
83455 ± 900
4520 ± 120
1840 ± 80
346 ± 3
1898 ± 46
565 ± 18
15280 ± 57

value represents the average ± the difference between duplicates

Inoculum
29600 ± 566
17300 ± 424
26500 ± 424
16500 ± 141
29400 ± 424
2150 ± 71
2095 ± 35
715 ± 7
616 ± 4
830 ± 1
–
200 ± 18
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Appendix C: Statistical Correlations
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Figure C.1. Linear correlation between COD solubilization and VSR of the raw and
pretreated TWAS
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Figure C.2. Linear correlation between the change in sCOD and the change in VSS
of the raw and pretreated TWAS
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Figure C.3. Linear correlation between the change in sCOD and DVS of the raw and
pretreated TWAS
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Figure C.4. Linear correlation between the change in sN and the change in VSS of
the raw and pretreated TWAS
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Figure C.5. Linear correlation between the change in sN and DVS of the raw and
pretreated TWAS
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Figure C.6. Linear correlation between the change in VFAs and VSS of the raw and
pretreated TWAS
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Figure C.7. Linear correlation between soluble proteins and sON of the raw and
pretreated TWAS
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Cumuluative Methane Produced (mL)

Appendix D: Methane Production Curves
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Figure D.1. Cumulative methane production of raw and thermally pretreated
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Figure D.2. Cumulative methane production of raw and thermally pretreated
TWAS with FW (70:30)
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Figure D.3. Cumulative methane production of raw and thermally pretreated
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Figure D.4. Cumulative methane production of FW, raw, and thermally pretreated
TWAS
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Figure D.5. Cumulative methane production of raw and thermally pretreated FW
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Figure D.6. Cumulative methane production of raw and thermally pretreated FW
with TWAS (70:30)
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Figure D.7. Cumulative methane production of raw and thermally pretreated FW

Cumuluative Methane Produced (mL)

with TWAS (50:50)
900
800
700
600
500
400
300
200
100
0
0

1

2

3

4

5

6

7

8

9

10

11

12

13

Time (d)
Raw TWAS

Raw FW

THP150

THP170

THP 190

THP 210

Figure D.8. Cumulative methane production of TWAS, raw, and thermally
pretreated FW
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Figure D.9. Cumulative methane production of the raw and thermally pretreated
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Figure D.10. Cumulative methane production of the raw and thermally pretreated
mixture (70:30)
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Figure D.11. Cumulative methane production of the raw and thermally pretreated
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Figure D.12. Cumulative methane production of the raw TWAS and FW
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Appendix E: Modified Gompertz Kinetics
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Figure E.1. Modelled kinetics of the raw and pretreated TWAS with FW (90:10)
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Figure E.2. Modelled kinetics of the raw and pretreated TWAS with FW (70:30)
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Figure E.3. Modelled kinetics of the raw and pretreated TWAS with FW (50:50)
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Figure E.4. Modelled kinetics of FW, raw, and pretreated TWAS
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Figure E.5. Modelled kinetics of raw TWAS with raw and pretreated FW (90:10)
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Figure E.6. Modelled kinetics of raw TWAS with raw and pretreated FW (70:30)
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Figure E.7. Modelled kinetics of raw TWAS with raw and pretreated FW (50:50)
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Figure E.8. Modelled kinetics of TWAS, raw, and pretreated FW
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Figure E.9. Modelled kinetics of the raw and pretreated TWAS and FW mixtures
(90:10)
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Figure E.10. Modelled kinetics of the raw and pretreated TWAS and FW mixtures
(70:30)
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Figure E.11. Modelled kinetics of the raw and pretreated TWAS and FW mixtures
(50:50)
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Figure E.12. Modelled kinetics of the raw TWAS and FW
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